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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

Forward-biased  InSb  diodes  have  been  operated  as  CW  lasers  and  the  emission  wavelength 

o 

has  been  changed  in  steps  of  50  A  from  one  cavity  mode  to  an  adjacent  one  by  applying  in¬ 
cremental  steps  of  magnetic  field  of  less  than  600  gauss.  The  magnetic  field  also  affects 

o 

the  refractive  index  n,  as  evidenced  by  the  shift  to  shorter  wavelength  by  15  A/kgauss  of  a 

o 

given  cavity  mode.  The  measured  8-A  half-width  of  the  emission  line  corresponds  to  the 
resolution  of  the  grating  spectrometer  used.  Continuous  operation  has  been  made  possible 
at  2°K  and  in  longitudinal  magnetic  fields  above  about  20kgauss,  by  going  to  purer  base 

material  for  the  diodes.  Threshold  current  densities  for  laser  action  at  2°K  and  27  kgauss 
-2 

of  1400  amp  cm  have  been  achieved. 

3+ 

A  CaF2:U  laser  has  been  pumped  with  the  light  input  from  GaAs  injection  lasers.  Five 
GaAs  injection  lasers,  electrically  connected  in  series,  were  mounted  along  the  slit  of  an 
integrating  chamber  in  which  was  placed  the  4-cm-long -by -3 -mm -diameter  laser  rod  of 
CaF:0.1%U^+.  Laser  action  at  2.631  microns  was  observed  when  the  current  through  the 
diodes  was  increased  above  3. 7  amp,  which  corresponded  to  2.9  watts  of  0.84-micron  ra¬ 
diation  delivered  to  the  integrating  chamber.  In  injection  luminescent  pumping,  the  con¬ 
version  efficiency  of  input  electrical  power  into  useful  pump  radiation  may  be  as  high  as 
50  percent.  By  using  mixed  semiconductor  crystals,  one  can,  in  principle,  tailor  the  lu¬ 
minescence  wavelength  to  match  a  particular  laser  material  ideally,  and  thus  make  the 
conversion  of  the  pump  radiation  to  laser  radiation  also  very  high.  In  addition  to  the  higher 
efficiency  per  se,  injection  luminescent  pumping  would  reduce  the  heat  dissipation  in  the 
pumped  laser  by  a  factor  of  at  least  ten  over  that  of  flash-tube  pumping.  This  reduction  in 
heat  dissipation  should  significantly  reduce  the  thermal  gradient  problems  that  plague  high- 

energy  lasers.  A  high-efficiency  system  under  study  is  (Ga  In.  )As  diodes,  radiating  at 

3+  x  1_x 

0.875  micron,  pumping  a  Nd'  laser  which  emits  at  1.06  microns.  Relatively  large  single 
crystals  of  (GaxIn^  x)As  have  been  grown  by  the  halogen  vapor -transport  mechanism  in  a 
closed  system,  and  work  is  now  in  progress  to  approach  the  composition  required  to  pro¬ 
duce  diodes  which  radiate  at  0.875  micron. 

The  spectrum  of  the  injection  luminescence  from  InAs  diodes  at  300°K  has  been  measured. 
The  emission  line  occurs  at  0.335  ev  and  has  a  half-width  of  25  mev  compared  with  the  half¬ 
width  of  12  mev  at  2°K.  The  spectrum  of  the  radiation  from  InAs  diodes  at  2°K  has  also 
been  measured  with  a  system  that  is  more  sensitive  than  that  previously  used.  An  addi¬ 
tional  peak  is  seen  at  0.372  ev,  30 mev  below  the  main  emission  peak,  and  a  knee  is  ob¬ 
served  at  0.34  ev. 

A  miniature  ''pill"  laser  package  has  been  developed  which  consists  of  a  GaAs  laser  and 
two  semi -insulating  GaAs  spacers  alloyed  between  two  0.080-inch-diameter  metallic  disks. 
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Lasers  in  this  package  have  been  supplied  to  other  groups  in  the  Laboratory  for  use  in  op¬ 
tical  radar  development. 

The  flatness  of  diffused  junctions  in  GaSb  is  being  studied  to  determine  whether  irregular¬ 
ities  in  the  junction  plane  can  explain  why  lasers  have  not  been  fabricated  from  GaSb.  It 
has  been  found  for  diffusions  at  650° C  from  a  dilute  source  of  zinc  in  gallium  that  the  junc¬ 
tion  plane  more  closely  follows  irregularities  in  the  surface  when  the  diffusant  concentra¬ 
tion  is  reduced. 

Diffused  p-n  junction  diodes  have  been  fabricated  of  PbSe  and  PbTe.  The  procedure  uses 
an  interdiffusion  mechanism  for  introducing  controlled  deviation  from  stoichiometry;  ex¬ 
cess  lead  gives  rise  to  n-type  and  excess  selenium  and  tellurium  to  p-type  PbSe  and  PbTe, 

respectively.  An  analysis  of  the  p-n  junction  depth  results  in  the  following  effective  inter  - 
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diffusion  constants;  =  4  x  10  cm  sec  for  producing  a  p-layer  on  n-type  PbSe  at 
600°C;  =  9  x  10  ^cm^  sec  *  for  an  n-layer  on  p-type  PbSe  at  650°C;  6  x  10  cm^  sec  * 

for  an  n-layer  on  p-type  PbTe  at  650°C. 

An  experimental  and  theoretical  investigation  has  been  made  of  growing  screw-shaped 
plasma  density  waves  in  a  semiconductor  bar  subjected  to  parallel  electric  and  magnetic 
fields.  It  is  shown  that  in  extrinsic  material  the  growth  is  spatial,  corresponding  to  stable 
traveling-wave  amplification,  whereas  for  nearly  equal  densities  of  positive  and  negative 
carriers,  the  wave  is  absolutely  unstable  and  corresponds  to  the  oscillistor  phenomenon. 
Experimental  observations  were  made  in  germanium  and  the  growth  rates  and  phase  char¬ 
acteristics  of  the  waves  were  found  to  be  in  excellent  agreement  with  theory.  For  nearly 
intrinsic  material,  evidence  of  instability  was  found  in  accordance  with  the  theoretical 
prediction. 

A  program  has  been  started  to  investigate  the  current  instability  occurring  in  n-type  GaAs 
at  electric  fields  about  2000  volts  cm  .  The  initial  experiments  of  J.B.  Gunn  on  the  effects 
of  light,  temperature,  and  magnetic  field  on  the  instability  have  been  extended  to  show  that: 
light  sufficient  to  change  the  sample  conductivity  does  not  affect  the  instability,  immersing 
the  sample  in  liquid  nitrogen  does  not  affect  the  instability,  and  a  10,000-gauss  magnetic 
field  lowers  the  amplitude  of  the  instability  but  does  not  change  its  threshold  spectrum. 


II.  LASER  RESEARCH 

The  angular  distribution  data  of  stimulated  Raman  emission  from  nitrobenzene  have  been 
used  to  calculate  the  dispersion  characteristics  of  nitrobenzene.  Off-axis  stimulated  emis¬ 
sion  experiments  are  in  progress  to  further  substantiate  the  two-step  Raman  scattering 
model. 

A  theoretical  study  has  been  made  of  the  growth  of  Raman  radiation  from  noise.  It  is  found 
that  spherical-growing  Stokes  waves  due  to  noise  sources  interact  with  the  incident  radia¬ 
tion  to  produce  anti -Stokes  radiation  strongly  peaked  at  the  phase -matching  angle.  The 
width  of  the  anti -Stokes  peak  has  been  calculated. 
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New  data  on  the  optical  absorption  and  electron  spin  resonance  have  been  obtained  for  d* 
electrons  inCaF^.  The  results  are  explained  by  a  strong  dynamical  Jahn-Teller  distortion 
of  the  electron  ground  state. 

Intense  sources  of  visible  pumping  radiation  are  being  developed  for  optically  exciting 

_2 

GaAs.  Repetitive  pulsing  at  13  pps  and  5000  watts  cm  should  yield  the  required  levels 
for  study  of  possible  laser  action. 

Short  fluorescent  lifetimes,  such  as  those  in  GaAs,  have  been  measured  by  an  interfero¬ 
metric  phase-shift  technique.  Samples  are  excited  with  multimode  helium-neon  laser  ra¬ 
diation  and  the  phase  shift  of  the  beat  signal  at  155  Mcps  is  used  to  determine  the  fluores- 
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cent  decay  time.  Times  in  the  10  -  to  10  -second  region  are  easily  measured,  and 

typical  values  are  reported  for  GaAs. 

Multilayer  dielectric  reflectors  have  been  produced  separately  and  as  coatings  on  GaAs 
lasers.  As  many  as  17  layers  have  been  deposited  and  99.9-percent  reflection  has  been 

o 

obtained  over  bandwidths  as  high  as  1000  A. 

Improved  ruby  has  yielded  far-field  diffraction  patterns  that  approach  perfect  diffraction- 
limited  behavior. 


III.  MATERIALS  RESEARCH 

When  a  carrier  gas  is  used  in  the  vapor  growth  of  crystals,  usually  the  growth  rate  is  in¬ 
conveniently  slow,  since  the  carrier  transports  material  from  the  source  to  the  growing 
crystal  by  natural  convection.  The  use  of  forced  convection  to  increase  the  growth  rate  is 
being  investigated  by  using  this  method  to  grow  iodine  crystals.  Helium  gas  saturated  with 
iodine  vapor  passes  through  a  nozzle  and  strikes  an  air-cooled  glass  finger  on  which  crys¬ 
tals  are  deposited.  The  rate  and  efficiency  of  crystal  growth  are  being  measured  as  a 
function  of  the  temperature  and  helium  flow  rate. 

A  system  has  been  constructed  for  making  thermoelectric  measurements  at  temperatures 
between  -50°  and  900°C  on  solids  with  resistances  at  least  as  high  as  20  meg.  Rigorous 
shielding  of  all  parts  of  the  system  is  necessary  to  prevent  spurious  readings  due  to  pick¬ 
up.  The  system  has  been  used  for  measurements  between  6°  and  41  °C  on  a  crystal  of 
Cr 203-3%  AI2O3  whose  resistance  increases  from  about  3  to  20  meg  in  this  range.  The 
Seebeck  coefficient  is  +  900pv  deg 

Thermoelectric  measurements  have  been  made  on  hot-pressed  polycrystalline  CrO^  at 
temperatures  between  -50°  and  240°C.  The  values  of  Seebeck  coefficient  (-6to-24pv 
deg  ^ )  and  resistivity  (1.2  to  4.3  milliohm-cm)  are  unusually  low  for  an  oxide.  No  clear 
evidence  was  found  for  a  maximum  in  p  with  temperature,  as  previously  reported  in  the 
literature. 

Earlier  electrical  and  optical  measurements  on  n-type  PbSe  with  carrier  concentrations 
19  20  -3 

between  1  x  10  and  2x10  cm  have  been  extended  to  n-type  samples  with  electron 
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concentrations  as  low  as  1.5  x  10  cm  and  p-type  samples  with  hole  concentrations  be- 
17  19  -3 

tween  3  x  10  and  5  x  10  cm  .  Within  the  scatter  of  the  data,  the  Hall  mobilities  at 
4.2°,  77°,  and  300°K  and  the  thermoelectric  power  at  300°K  are  the  same  for  n- and  p-type 
samples  with  the  same  carrier  concentrations.  For  both  n-  and  p-type  samples  with  suf¬ 
ficiently  high  carrier  concentrations,  the  Hall  coefficient  increases  between  77°  and  300°K. 
The  maximum  value  of  R30O/R77  is  1*31  f°r  P_type  samples  and  1.22  for  n-type  samples. 
The  effective  masses  obtained  by  analysis  of  reflectivity  data  are  somewhat  higher  for 
holes  than  for  electrons,  although  the  data  for  p-type  samples  are  limited.  The  effective 
masses  obtained  by  analysis  of  the  thermoelectric  power  data  on  the  assumption  of  acous¬ 
tic  lattice  scattering  and  4-ellipsoid  models  for  both  the  conduction  and  valence  bands  are 
somewhat  smaller  than  the  reflectivity  values  or  published  values  based  on  Faraday  rota¬ 
tion  experiments. 

The  effect  of  NH^  and  H^S  adsorption  on  the  spontaneous  bending  of  thin  {ill}  wafers  of 
GaAs  and  InSb  has  been  measured.  For  both  these  III — V  compounds,  adsorption  of  NH^ 
decreases  the  curvature  and  elastic  strain  energy  and  adsorption  of  ^S  increases  the  cur¬ 
vature  and  elastic  strain  energy. 

The  system  InSb-(/3-Sn)  has  been  investigated  by  measuring  the  superconducting  transition 
temperature  (T^)  as  a  function  of  composition  for  samples  prepared  by  pressing  mixtures 
of  InSb  and  tin  at  37kbar  and  450°  to  480°C,  quenching  to  room  temperature  or  annealing 
at  300°C  for  one  hour,  and  cooling  to  about  -140°C  before  releasing  the  pressure.  Treat¬ 
ment  of  the  pure  materials  in  this  manner  gives  tetragonal  InSb^T  =  2.1°K)or  tetragonal 
/3-Sn  (T  =3.7°K).  Alloying  InSb^^  with  only  a  few  percent  tin  increases  T^  to  more  than 
4°K.  A  much  smaller  increase  in  T  results  from  alloying  InSb  into  /3-Sn.  The  measure¬ 
ments  indicate  that  the  maximum  solubility  of  /3-Sn  in  InShjj  is  probably  2.5  to  5  atomic 
percent  and  that  the  maximum  solubility  of  InSb^  in  /3-Sn  is  probably  about  35  atomic  per¬ 
cent.  In  contrast,  the  maximum  solubilities  of  /3-Sn  in  normal  InSb  and  of  normal  InSb  in 
/3-Sn  are  reported  to  be  less  than  0.5  and  about  8  percent,  respectively. 

An  analytical  procedure  is  being  developed  for  determining  the  three  major  constituents  of 
HgS-HgSe  alloys.  After  suitable  sample  treatment,  mercury  and  selenium  can  he  deter¬ 
mined  by  the  methods  involving  potentiometric  titrations  which  were  developed  earlier  for 
these  elements.  In  initial  experiments  on  the  determination  of  sulfur  in  standard  sulfate 
solutions,  results  accurate  to  within  1  to  2  percent  have  been  obtained  by  an  amperometric 
method  based  on  titration  with  a  lead  solution. 

IV.  BAND  STRUCTURE  AND  SPECTROSCOPY  OF  SOLIDS 

Considerable  progress  continues  tobe  made  in  understanding  the  band  structures  of  various 
solid  state  materials.  Extensive  calculations  of  the  band-edge  structure  of  the  compounds 
of  lead  with  sulfur,  selenium,  and  tellurium  have  been  made.  The  results  show  that  ex¬ 
trema  of  both  the  conduction  and  the  valence  bands  probably  lie  at  the  (111)  edge  of  the 
Brillouin  zone  and  that  there  are  six  energy  bands  which  influence  these  extrema.  These 
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six  bands  interact  strongly;  therefore,  the  properties  of  these  compounds  vary  consider¬ 
ably,  and  the  energy  extrema  are  highly  nonparabolic.  The  quantitative  knowledge  of  the 
energy  levels  and  Fermi  surface  of  graphite  is  being  improved  as  further  experiments  are 
made  with  more  versatile  experimental  equipment  and  samples  of  higher  purity  and  per¬ 
fection.  In  pyrolytic  graphite,  a  semimetal,  several  low-energy  transitions  have  been  seen 
with  a  behavior  comparable  to  the  ’’quantum  effects"  observed  in  the  millimeter  cyclotron 
resonance  experiments  in  semiconductors  at  high  magnetic  fields. 

The  matrix  elements  in  the  quantum-mechanical  analysis  of  the  Voigt  effect  have  been  mod¬ 
ified  to  take  into  account  second-order  terms  in  the  magnetic  field.  In  germanium,  18  in¬ 
direct  interband  transitions  were  observed  in  magnetoabsorption  at  74  kgauss.  Fine 
structure  was  also  observed  on  some  of  these  lines,  and  studies  of  this  fine  structure  are 
now  being  carried  out.  Experiments  on  the  behavior  of  the  excited  levels  of  deep  impuri¬ 
ties  with  shifts  of  the  band  edges  due  to  an  applied  uniaxial  stress  are  in  progress.  It  is 
expected  that  these  experiments  will  clarify  the  nature  of  the  infrared  absorption  lines 
which  have  been  observed  in  silicon  doped  with  sulfur. 

There  is  also  a  strong  continuing  interest  in  both  the  theoretical  and  applied  aspects  of 
transport  phenomena.  The  theoretical  basis  of  transport  is  being  broadened  by  work  on 
generalized  master  equations,  and  transport  theory  under  nonhomogeneous  conditions  is 
being  studied.  From  the  standpoint  of  application,  the  properties  of  Nemst-Ettingshausen 
refrigerators  are  being  analyzed  with  particular  attention  to  the  optimization  of  the  refrig¬ 
erator  geometry.  The  properties  of  a  device  that  uses  single-crystal  bismuth  as  a  ther¬ 
moelectric  element  have  also  been  investigated. 

V.  MAGNETISM  AND  RESONANCE 

Considerable  progress  has  been  made  in  flux  techniques  and  electrolytic  techniques  for  the 
growth  of  stoichiometric  ferrites,  chromites,  and  vanadites  of  the  spinel  structure  and  for 
the  growth  of  a  number  of  bronze  crystals.  A  polytungstate  flux  has  been  versatile  at  per¬ 
mitting  predictable  results.  Preliminary  experiments  on  the  systems  MnAs-MsSb  and 
MnAs-MnP  appear  to  support  our  earlier  suggestion  that  the  first-order  phase  change  at 
the  Curie  temperature  of  MnAs  is  due  to  a  partial  spin  quenching  that  restabilizes  the  B8^ 
phase. 

Zero-field  AFMR  measurements  as  a  function  of  temperature  on  powdered  YCrO^  give  a 

Neel  temperature  of  129°K  and  a  critical  resonance  frequency,  extrapolated  to  0°K,  of 

~  198kMcps.  Measurements  of  the  upper  critical  field  of  pure  and  impure  niobium  samples 

3 

have  been  extended  down  to  0.4°K  with  the  He  refrigerator.  The  temperature  dependence 
of  the  attenuation  of  70-kMcps  longitudinal  phonons  in  x-cut  quartz  has  been  measured  from 
4.2°  to  25°K.  A  signal-to-noise  ratio  of  20db  has  been  obtained  for  the  first  echo  pulse  in 
the  best  quartz  samples. 

A  theoretical  investigation  of  the  elastic  magnetic  scattering  of  neutrons  at  high  tempera¬ 
tures  has  provided  a  model  that  permits  interpretation  of  the  anomalous  "liquid”  peaks 
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sometimes  observed  experimentally  (e.g.,  near  the  (111)  nuclear  position  in  MnC^O^).  In 
order  to  carry  the  analysis  to  lower  temperatures,  it  will  be  necessary  to  work  out  higher 
terms  of  an  expansion.  An  investigation  of  the  first-order  spin-orbit  coupling  of  a  d^  con¬ 
figuration  shows  that  this  interaction  gives  a  highly  aspherical  contribution  to  the  spin  den¬ 
sity  which  increases  the  neutron  diffraction  intensity  at  the  same  peaks,  and  on  the  same 
order  of  magnitude,  as  the  spherically  symmetric  Dzialoshinsky  canting  responsible  for 
the  weak  ferromagnetic  moment  of  a-Fe20^.  Hence  this  interaction  is  probably  important 
for  understanding  the  surprising,  highly  aspherical  ferromagnetic  spin-density  distribution 
recently  observed  in  a -Fe20^  by  Pickart,  Nathans,  and  Halperin.  The  influence  of  mag¬ 
netostriction  on  distortions  from  a  spiral-spin  configuration  have  been  calculated  for  MnP. 
The  analysis  provides  a  richness  of  detail  that,  if  verified  experimentally,  will  permit  a 
strong  check  for  the  spin  correlations  and  energy-level  diagram  that  have  been  assumed 
for  this  class  of  material.  A  hierarchy  of  approximations  to  the  Heisenberg  ferromagnet 
problem  has  been  obtained.  The  method  has  been  used  to  calculate  the  Curie  temperature 
T  ,  and  the  susceptibility  and  magnetization  near  T  . 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  MAGNETIC  TUNING  OF  CW  InSb  DIODE  LASER 

\ 

Diode  lasers  of  InSb  have  been  reported  which  have  operated  on  a  pulse  basis  in  the  presence 
of  a  longitudinal  magnetic  field.  By  varying  the  intensity  of  this  magnetic  field,  a  relatively  large 
shift  in  the  wavelength  of  the  stimulated  emission  was  also  observed.  We  have  now  operated 
forward-biased  InSb  diodes  as  CW  lasers,  and  have  been  able  to  change  the  emission  wavelength 
in  steps  of  50  A  from  one  cavity  mode  to  an  adjacent  one  by  applying  incremental  steps  of  mag¬ 
netic  field  of  less  than  600  gauss. 

The  diodes  were  similar  to  those  reported  previously,  except  that  the  net  carrier  concentra¬ 
tion  at  77  °K  of  the  single -crystal  n-type  InSb  from  which  the  diodes  were  made  was  reduced  by  a 

14  -3 

factor  of  about  twenty  to  4.8  X  10  cm  The  corresponding  Hall  mobility  at  77  °K,  for  the 
diodes  to  be  reported  here,  was  4.3  X  lO^cm  1  volt  *  sec  V  As  reported  previously/  in  order 
to  obtain  laser  action  at  available  diode  forward  currents,  a  magnetic  field  parallel  to  the  direc¬ 
tion  of  the  junction  current  of  the  order  of  20  kgauss  was  required.  By  going  to  the  purer  material, 

however,  the  threshold  current  density  at  a  given  magnetic  field  has  been  reduced  (at  27  kgauss 

-2  -2  1 
and  2°K,  1400  amp  cm  vs  3500  amp  cm  for  the  more  heavily  doped  material  ).  Because 

of  this  reduced  threshold,  it  has  been  possible  to  operate  the  lasers  CW. 


Fig.  1-1  .  Spectra  of  CW  emission  fram  InSb  diade 
laser  at  2°K  and  1 -amp  DC  forward  current.  The 
applied  longitudinal  magnetic  field  for  spectrum  A 
was  52  kgauss  and  was  reduced  in  steps  af  530  gauss 
ta  obtain  spectra  B  and  C. 


Figure  1-1  shows  the  CW  emission  spectra  for  a  diode  operating  at  2°K  with  a  current  of 
1-amp  DC.  The  applied  longitudinal  magnetic  field  for  the  spectrum  A  at  the  top  of  the  figure 
was  52  kgauss.  Spectrum  B  was  obtained  by  reducing  the  magnetic  field  by  530  gauss,  and  spec¬ 
trum  C  was  obtained  by  a  further  reduction  of  530  gauss.  Both  the  absolute  value  and  the  incre¬ 
mental  values  of  the  magnetic  field  have  been  determined  to  within  3  percent.  As  is  evident  from 
the  figure,  the  emission  wavelength  has  been  tuned  from  one  cavity  mode  to  an  adjacent  one  by 
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varying  the  magnetic  field  by  less  than  600  gauss.  Although  this  tuning  has  been  shown  in  Fig.  1-1 
for  magnetic  fields  near  50kgauss,  other  magnetic  fields  above  the  minimum  required  for  laser 
action  could  have  been  used  for  the  illustrative  purposes. 

There  is  also  an  effect  of  the  magnetic  fi-eld  on  the  refractive  index  n  as  evidenced  by  the 
shift  to  shorter  wavelength  of  a  given  cavity  mode  as  the  magnetic  field  is  increased  (Fig.  I- 1 , 

o  _  i 

A  and  B).  This  shift  for  InSb  is  15  A  kgauss  as  compared  with  a  similar  shift  which  has  been 
2  °  - 1 

previously  reported  for  InAs  lasers  of  3  A  kgauss  .  The  decrease  in  the  index  of  refraction 
at  a  given  wavelength  as  the  magnetic  field  is  increased  is  expected  because  this  wavelength  be¬ 
comes  more  removed  from  that  corresponding  to  the  bandgap,  and  the  index  of  refraction  is  a 
decreasing  function  of  the  wavelength  at  the  bandgap.  The  increase  in  the  bandgap  energy  with 
magnetic  field  also  produced  the  change  in  the  spectrum  of  the  spontaneous  emission  which  causes 
the  modes  to  switch  to  shorter  wavelengths  as  illustrated  in  Fig.  1-1. 

o 

The  measured  half-width  of  8  A  of  the  main  emission  lines  in  Fig.  1-1  corresponds  to  the 
resolution  of  the  grating  spectrometer  used.  While  essentially  single-mode  operation  of  the  CW 
InSb  laser  is  shown  in  Fig.  1-1,  multimode  operation  at  a  given  magnetic  field  can  be  obtained  by 
increasing  the  diode  current.  At  a  given  magnetic  field,  the  spacing  between  adjacent  cavity 

o 

modes  is  about  45  A.  The  length  between  the  cleaved  surfaces  which  define  the  cavity  for  the 
diode  of  Fig.  1-1  was  0.051  cm.  From  the  mode  spacing  AX  and  the  cavity  length  L,  one  can 
determine 


[n  —  X 
1  o  o 


dn  | 
dX  1 


2LAX 


=  5.9 


(1) 


Moss^  has  determined  both  the  refractive  index  n  and  (dn/dX)  near  the  bandgap  energy  for  InSb 
at  300°K  for  zero  magnetic  field.  Using  his  value  for  n^  of  4.0  and  for  (dn/dX)  of  0.1  micron  \ 
one  obtains,  for  the  left-hand  side  of  Eq.  (1),  a  value  of  4.5.  The  quantity  (dn/dX)  increases 
very  rapidly  near  the  bandgap,  and  an  increase  in  this  number  by  a  factor  of  about  four  can  ex¬ 
plain  the  experimentally  determined  mode  spacing.  Both  n  and  (dn/dX)  should  differ  from  the 
data  of  Moss  because  of  the  effects  of  the  low  temperatures  and  magnetic  fields  used  in  our 
experiments. 

R.  J.  Phelan 

R.  H.  Rediker 


Fig.  1-2.  Energy-level  diogrom  of  U 
in  C0F2  showing  the  laser  tronsition  ond 
obsorption  in  the  vicinity  of  the  GoAs 
rodiotion . 
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B.  INJECTION  LUMINESCENT  PUMPING  OF  CaF2:U3+  LASERS 

The  usual  methods  of  the  optical  pumping  of  solid  state  lasers  by  means  of  gas  discharge 
tubes  or  tungsten  filaments  are  inefficient  in  the  conversion  of  pump  power  to  laser  radiation. 

For  low-energy  output  lasers,  this  low  efficiency  is  not  serious,  but  for  high-power  devices  it 
may  well  be  a  limiting  factor.  We  shall  describe  a  new  method  of  optical  pumping,  using  injec¬ 
tion  luminescence  from  a  semiconductor  diode,  which  should  lead  to  more  efficient  pumping. 

In  particular,  we  shall  describe  the  pumping  of  a  CaF^U^*  laser  with  the  light  output  from  GaAs 
diode  lasers. 

The  pertinent  energy  levels  associated  with  the  +  ion  in  CaF^  are  shown  in  Fig.  1-2. 

Absorption  of  the  GaAs  diode  radiation  at  0.84  micron  excites  an  electron  from  the  ground 

4  4 

state  to  the  levels.  Rapid  nonradiative  recombination  to  the  1^  2  levels  is  followed  by 

radiative  recombination  to  either  the  4I<^2  level  or  the  ground  state.  Laser  action  initially 
occurs  at  2.61  microns  between  the  lowest  4I^  ^  level  and  the  splitoff  2  state.  The  absorp¬ 
tion  spectrum  of  the  ^eve^s  *s  indicated  in  the  drawing.  It  should  be  noted  that  the  absorp¬ 

tion  coefficient  in  the  region  of  the  GaAs  excitation  radiation  is  only  0.4cm"1.  For  this  reason, 
it  was  necessary  to  insert  the  3-mm  diameter  CaF2:U3+  rod  into  an  integrating  chamber  in  order 
to  absorb  the  0.84-micron  radiation  effectively.  Figure  1-3  is  an  artist’s  sketch  of  the  diode 
pump.  Basically,  the  pump  consists  of  five  GaAs  laser  diodes  electrically  connected  in  series 
and  mounted  along  the  slit  of  an  integrating  chamber.  At  injection  currents  of  6  amp,  the  bank 
delivered  4.5  watts  of  monochromatic  radiation  (0.84  micron)  to  the  integrating  chamber. 


Fig.  1-3.  Artist's  representation  af  GaAs 
pump  and  laser  crystal. 
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The  integrating  chamber  was  formed  by  milling  a  3. 3-mm  hole  in  a  3-cm-long  silver  block. 
The  4-cm-long-by-3-mm-diameter  laser  rod  of  CaF2:0.1%  U  had  confocal  ends  with  silver 
coatings  of  zero  and  1  percent  transmission.  The  entire  assembly,  suspended  from  a  quartz 
light  pipe,  was  inserted  in  a  liquid-helium  dewar.  The  CaF2:U3+  radiation  emerging  from  the 
quartz  pipe  was  measured  using  a  photovoltaic  InSb  detector.  A  germanium  filter  at  room  tem¬ 
perature  prevented  any  of  the  GaAs  radiation  from  reaching  the  detector.  The  signal  from  the  InSb 
detector  and  the  current  through  the  pump  diodes  were  simultaneously  monitored  on  separate 
beams  of  a  dual-beam  oscilloscope.  A  previous  calibration  of  the  radiation  from  the  diodes  as 
a  function  of  injection  current  permitted  the  translation  of  diode  current  to  input  radiation. 


*  Supplied  by  Walter  Hargraves  of  Opto- Vac  Company. 
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-85*2958 (o-d) 


Fig.  1-4.  Oscilloscope  troces  showing  U  emission  for 
vorious  pump  intensities  ot  4.2°K.  The  top  troce  in  eoch 
photogroph  represents  the  diode  current  (2  omp  div'  )  ond 
the  lower  troce  represents  the  loser  emission.  The  time 
scole  is  100  psec  div"^  . 


Figure  I-4(a-d)  shows  a  sequence  of  the  photographs  taken  from  the  oscilloscope.  In  each 
picture,  the  diode  current  on  the  upper  trace  appears  as  a  negative  deflection,  and  the  detector 
signal  on  the  lower  trace  appears  as  a  positive  deflection.  Each  division  of  vertical  deflection 

o 

of  the  diode  current  represents  approximately  1.5  watts  of  8400-A  radiation  into  the  laser  rod. 

The  time  base  is  100  psec  per  division.  Just  below  threshold  [Fig.  I-4(a)],  one  observes  the 

3+ 

normal  2.631-micron  fluorescence  of  the  U  with  its  characteristic  130-psec  decay  time.  At 
very  slightly  higher  input  power  [Fig.  I -4(b) ] ,  laser  action  is  observed  as  a  single  spike  that  ap¬ 
pears  at  the  end  of  the  pulse  and,  as  the  current  is  increased  further  above  threshold  [Figs  I-4(c) 
and  (d) ] ,  the  spiking  begins  earlier  in  the  pulse  and  persists  to  its  termination.  In  these  photo¬ 
graphs,  the  amplitude  of  the  laser  spikes  relative  to  the  fluorescence  is  not  truly  represented, 
because  of  detector  saturation.  When  the  output  radiation  is  sufficiently  attenuated  before  it 
reaches  the  detector,  the  fluorescence  is  imperceptibly  small  compared  with  the  laser  spikes. 

No  attempt  was  made  to  measure  the  absolute  intensity  of  the  laser  output  radiation. 

With  longer  current  pulses,  up  to  3  msec  at  a  repetition  rate  of  lOpps,  it  was  found  that  the 
laser  showed  spiking  over  the  entire  pulse  length.  This  is  somewhat  in  disagreement  with  the 

4 

observations  of  laser  action  in  this  material  reported  by  Sorokin  and  Stevenson,  in  which  spiking 
was  found  to  cease  after  a  few  milliseconds. 
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By  using  fast  fall-time  current  pulses  into  the  diodes,  one  could,  in  principle,  determine  the 
4  4 

relaxation  time  from  the  levels  to  the  I^^  laser  level.  We  were  not  able  to  determine 

this  lifetime  with  our  present  equipment  but  have  established  that  it  was  less  than  the  3-psec  RC 
time  constant  of  the  detector  circuit. 

It  has  been  shown  that  the  radiation  emitted  by  GaAs  laser  diodes  can  be  effectively  used  as 
an  optical  pump  source  for  other  laser  materials.  The  reproducibility  and  the  precise  control 
of  the  intensity  and  speed  of  this  source  make  it  an  ideal  tool  for  studying  the  relaxation  param¬ 
eters  of  other  fluorescent  materials.  Intrinsically,  this  new  source  is  capable  of  modulation 
up  to  500  Mcps,  and  hence  can  simultaneously  serve  both  as  a  pump  and  as  a  method  of  superim¬ 
posing  information  on  the  laser  beam. 

Perhaps  the  most  useful  aspect  of  injection  luminescent  pumping  lies  in  its  efficiency  of  con¬ 
version  of  input  electrical  power  into  useful  pump  radiation.  For  presently  available  GaAs  diodes, 
this  efficiency  approaches  50  percent.  By  using  mixed  semiconductor  crystals,  we  can,  in  prin¬ 
ciple,  tailor  the  luminescence  wavelength  to  ideally  match  a  particular  laser  material,  and  thus 
make  the  conversion  of  the  pump  radiation  to  laser  radiation  also  very  high.  For  example,  high 

o 

efficiency  should  be  obtainable  by  using  (Ga  In.  )As  diodes  radiating  at  87  50  A  in  conjunction  with 
34  X  1-X 

Nd  lasers.  Theoretically,  this  system  should  be  80  percent  efficient  in  the  conversion  of  pump 
output  power  to  1. 06-micron  laser  beam  power.  In  addition  to  being  much  more  efficient  than  the 
standard  flash-tube  pumps  (<6  percent),  the  injection  luminescent  pumping  would  reduce  the  heat 
dissipation  in  the  pumped  laser  by  a  factor  of  at  least  ten  over  that  of  flash-tube  pumping.  This 
reduction  in  heat  dissipation  should  significantly  reduce  the  thermal  gradient  problems  that  plague 
high-energy  lasers. 

R.  J.  Keyes 
T.  M.  Quist 


C.  GROWTH  OF  (Ga^n^As  SINGLE  CRYSTALS  BY  VAPOR  PHASE  REACTION 

The  epitaxial  growth  of  single-crystal  III-V  compounds  by  the  halogen  disproportionation 

5-8 

mechanism  in  both  open  and  closed  systems  has  been  reported  by  a  number  of  people.  The 

9 

nonseeded  growth  of  polycrystals  has  been  discussed  by  Holonyak  and  coworkers.  This  note 
deals  with  the  nonseeded  growth  of  single  mixed  crystals  (Ga^In^  ^)As  grown  by  the  halogen  vapor- 
transport  mechanism  in  a  closed  system. 

There  is  considerable  advantage  to  growing  mixed  single  crystals  in  the  closed-tube  process. 
The  material  can  be  homogenized  by  transporting  several  times  before  the  final  crystal  is  grown. 
The  crystal  grows  with  large,  atomically  flat  faces,  which  are  suitable  for  injection  laser  fabri¬ 
cation  without  polishing. 

Polycrystals  grown  by  this  method  usually  contain  large  crystallites;  therefore,  the  problem 
in  growing  single  crystals  is  to  control  the  initial  nucleation.  The  geometry  of  the  reaction  vessel, 
the  method  of  removing  the  heat  of  crystallization,  and  the  temperature  profile  of  the  furnace  have 
been  found  to  influence  this  initial  nucleation.  The  reaction  vessel  used  is  shown  in  Fig.  I-5(a). 

The  desired  amounts  of  GaAs  and  InAs  are  placed  in  the  tube  along  with  a  few  milligrams  of  ar¬ 
senic  and  a  dopant,  usually  selenium.  The  vessel  is  pumped  down  to  approximately  10  ^  torr, 
back-filled  with  Cl^  and  sealed  off.  The  vessel  is  placed  in  a  furnace  with  a  profile  as  shown  in 
Fig.  I-5(b).  In  growing  the  final  crystal,  the  tube  is  positioned  as  shown.  In  order  to  grow  single 
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Fig.  1-5.  Reaction  vessel  positioned  far  growing 
single  crystals:  (a)  reaction  vessel;  (b)  tempera¬ 
ture  profile  of  furnace. 


Fig.  1-6. 
reaction 


Single  crystal  of  (Ga^  ^In^  q^As  'ns'^e 
vessel. 
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crystals,  the  transport  rate  must  be  very  slow.  The  slow  growth  rate  is  accomplished  by  having 
a  small  temperature  difference  between  the  source  and  the  tip.  The  heat  sink  drops  the  temper¬ 
ature  at  the  tip  about  10°C,  insuring  that  nucleation  starts  at  the  tip.  After  the  crystal  is  nucle¬ 
ated,  the  heat  conductivity  of  the  metal,  plus  the  preferential  reaction  on  the  metal  rather  than  on 
on  the  quartz,  causes  the  crystal  to  grow  out  toward  the  quartz  wall. 

Figure  1-6  shows  a  (GaQ  ^In^  05^s  crysta-*-  grown  according  to  the  above  discussion.  The 
crystal,  which  was  loosely  bonded  to  the  quartz,  has  been  moved  back  from  the  tip  by  gentle  tap¬ 
ping.  The  crystal  was  photographed  while  still  in  the  quartz  vessel,  and  the  spots  seen  on  the  top 
face  are  actually  on  the  quartz.  Figure  1-7  shows  another  crystal  [(GaQ  ^In^  q 3 ) A s ]  in  its  "as 
grown"  shape.  The  top  face  (labeled  A)  is  a  (111)  plane.  The  other  side  of  the  crystal  contains 
a  face  parallel  to  the  A  face  shown.  The  face  labeled  B  in  the  figure  is  a  (111)  face  and  the  face 
labeled  C  is  a  (211)  face.  The  line  on  face  A  also  appears  on  the  opposite  side  of  the  crystal  and 
indicates  that  the  crystal  is  twinned.  However,  x-ray  patterns  shot  on  either  side  and  straddling 
the  line  are  identical.  Figure  1-8  is  an  interference  pattern  of  the  line  and  indicates  a  shallow 
furrow.  The  ring  structure  seen  on  the  top  surface  cannot  be  detected  on  the  interference 
microscope. 


Fig.  1-8.  Interference  pattern  showing  furrow 
at  twin  line  in  face  A. 


The  compositions  involving  several  percent  of  indium  were  chosen  in  the  search  for  injection 
lasers  at  8800  A,  a  wavelength  needed  to  pump  a  Nd  in  CaF^  laser.  Single  crystals  have  also 
been  grown  of  (GaQ  2o*nO  80^s’  case  produced  coherent  light  at  2.4  microns. 

Growing  single  crystals  on  the  indium-rich  side  requires  a  larger  temperature  difference  be¬ 
tween  source  and  tip  than  gallium-rich  compositions. 

R.  C.  Sirrine 
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Fig.  1-9.  Emission  spectra  at  300°,  77°,  and  2°K  for  a  Zn-diffused  InAs 
diode  with  net  donor  concentration  in  base  region  of  2  X  10^  cm“^.  The 
spectra  are  not  platted  to  the  same  intensity  scale. 


Fig.  1-10.  Comparison  of  the  temperature  variation 
of  the  InAs  bondgop  (after  Dixon  and  Ellis^)  with 
the  temperature  variation  af  thediade  emission  energy . 
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D.  INFRARED  EMISSION  FROM  InAs  DIODES 

We  have  previously  reported  infrared  radiation  near  3  microns  in  forward-biased  InAs  diodes 
1 0 

at  77°  and  4.2°K.  With  a  more  sensitive  detection  system,  it  is  now  also  possible  to  measure 
the  room  temperature  (300°K)  spectrum  of  these  diodes  and  to  observe  at  2°K  additional  low- 
intensity  structure  in  the  diode  spectrum  at  energies  lower  than  the  energy  of  the  main  peak. 

To  achieve  greater  sensitivity,  the  diode  current  was  chopped  electronically  at  l.Skcps,  the 
signal  was  detected  with  an  InSb  photovoltaic  detector,  and  was  amplified  by  a  narrow-band  am¬ 
plifier.  Figure  1-9  shows  the  spectrum  at  300°  and  spectra  at  77°  and  2°K  for  a  diode  fabricated 
by  diffusing  Zn  into  an  n-type  base  with  a  donor  concentration  of  2  x  lO^cm  ^  The  intensity 
scale  is  different  for  each  temperature.  Actually  the  energy  of  the  radiation  integrated  over  the 
spectrum  is  about  one  order  of  magnitude  lower  at  300  °K  than  at  77  °K.  The  emission  line  at 
300°K  occurs  at  0.335ev  or  3.7  microns  and  has  a  half -width  of  25  mev,  compared  with  1 2  mev  at 
2°K.  Figure  I  —  1 0  compares  the  temperature  variation  of  the  photon  energy  at  the  diode  emission 
peak  with  the  temperature  variation  of  the  optical  bandgap  published  by  Dixon  and  Ellis  for 
n-type  InAs  of  comparable  purity.  On  the  basis  of  two  points,  the  diode  emission  line  follows 
closely  the  bandgap  variation  between  298°  and  77°K,  at  an  energy  about  20  mev  below  the  gap 
energy.  At  lower  temperatures,  the  shift  of  the  diode  emission  seems  to  be  less  than  the  change 
in  the  gap. 


Fig.  1-11.  Emission  spectrum  of  an  InAs  diode  at  2°K.  The  intensity 
scale  is  expanded  twice  as  the  photon  energy  decreases. 

Figure  1-11  shows  the  spectrum  of  the  same  diode  at  2°K  with  details  of  the  low-energy  tail 

on  successively  expanded  scales.  An  additional  peak  occurs  at  0.372  ev,  30  mev  below  the  main 

emission  peak,  and  a  knee  is  observed  at  0.34  ev.  T  **  , 

K  '  I.  Melngailis 
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E.  PILL  PACKAGE  FOR  GaAs  LASER 

A  miniature  "pill11  package  has  been  developed  for  GaAs  injection  lasers  which  will  be  used 
in  high-power  pulse  applications.  This  package  has  the  advantage  of  low  inductance,  and  conse¬ 
quently  will  allow  more  efficient  high-frequency  modulation  of  the  diode.  It  should  also  be  easier* 
to  cool  than  the  larger  package  described  in  the  last  Solid  State  Research  report  and,  of  course, 
its  smaller  size  is  an  advantage  per  se,  when  volume  and  weight  must  be  minimized. 

The  package  consists  of  a  GaAs  laser  and  two  semi-insulating  GaAs  spacers  alloyed  between 
two  0.080-inch-diameter  metallic  disks.  The  unit  is  less  than  0.025-inch  thick.  An  artist’s  con¬ 
ception  of  the  package  is  shown  in  Fig.  1-12. 
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Fig.  1-12.  Artist's  representation  of  miniature 
"pill"  laser  package. 


In  the  fabrication  of  this  unit,  the  p-surface  of  the  0.043  X  0.009  X  0.004-inch-thick  GaAs 
laser  and  the  two  semi-insulating  GaAs  spacers  of  identical  thickness,  are  simultaneously  alloyed 
onto  a  Pbln-clad  molybdenum  disk.  The  alloying  is  done  in  a  controlled  atmosphere  chamber  at 
about  300°C.  Finally  a  tin-clad  molybdenum  disk  is  alloyed  onto  the  n-surface  of  the  laser,  so 
that  it  also  wets  to  the  GaAs  spacers.  In  this  case,  the  alloying  is  done  at  a  temperature  of  about 
200°C.  The  quality  of  the  alloyed  joints  is  of  concern,  since  they  serve  as  heat  conduction  paths 
and  electrical  connections. 

Lasers  in  the  ’’pill"  package  have  been  supplied  to  other  groups  in  the  Laboratory  for  use  in 
optical  radar  development. 

J.  S.  Palermo 

F.  FLATNESS  OF  DIFFUSED  JUNCTIONS  IN  GaSb 

12  13 

In  GaAs,  it  has  been  observed  *  that  a  lack  of  flatness  in  the  indiffused  junction  usually 
results  in  higher  threshold  currents  for  laser  action.  In  some  cases,  no  lasing  action  is  observed 
at  any  current. 

In  GaSb,  laser  action  has  not  yet  been  achieved.  Diffused  junctions  in  GaSb  have  been  inves¬ 
tigated  to  determine  the  degree  of  flatness  achieved  under  different  diffusion  conditions  with  the 
end  goal  of  producing  laser  structures  which  have  flat  junctions.  If  the  lack  of  flatness  in  the 
GaSb  junctions  has  been  the  cause  for  the  inability  to  fabricate  injection  lasers  of  GaSb,  the  pro¬ 
gram  will  hopefully  lead  to  the  realization  of  the  GaSb  laser. 
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Results  are  presented  for  zinc  diffusion  in  GaSb  doped  with  tellurium  to  a  net  donor  concen- 
18  -  3 

tration  of  1  x  10  cm  .  Similar  results  were  obtained  with  selenium-doped  samples.  The 
surfaces  into  which  the  zinc  was  to  be  diffused  were  either  mechanically  and  chemically  polished 
optically  flat,  ground  to  a  fine  matted  finish  with  4-micron  garnet,  or  cleaved.  GaSb  cleaves 
along  the  (110)  planes.  The  polished  or  ground  surfaces  were  either  (111),  (100),  or  (110).  No 
orientation  effects  were  observed.  The  source  material  consisted  of  an  alloy  of  gallium  and  zinc 
with  the  zinc  concentration  varying  from  2.0  to  10.0  percent  by  weight.  The  sample  and  source 
were  placed  in  a  sealed,  evacuated  quartz  tube. 

Figure  1-13  is  a  cross-sectional  photograph  of  a  junction  formed  by  diffusing  into  a  polished 
GaSb  surface  for  16  hours  at  650°C  from  a  source  alloy  of  10-percent  zinc.  The  photograph  is 
of  a  cleaved  surface  etched  with  a  solution  of  67H 00: 1  3HF: 20HNO^  heated  to  55°C.^  If  one  as¬ 
sumes  that  the  width  of  the  inversion  layer  is  of  the  order  of  a  micron,  the  2-  to  3-micron  junc¬ 
tion  irregularities  shown  here  could  be  a  source  of  trouble. 

Figure  1-14  shows  a  p-n  junction  formed  by  diffusing  into  two  ground  surfaces  and  one  cleaved 
surface  of  a  piece  of  GaSb  for  16  hours  at  650°C.  The  source  alloy  was  10-percent  zinc.  The 
ground  surfaces  were  finished  with  4-micron  garnet.  Note  that  the  junction  depth  is  about  three 
times  larger  from  the  ground  surface  than  it  is  from  the  cleaved  surface.  The  rounding  of  the 
junction  along  the  edges  of  the  cleaved  surface  suggests  that  this  is  due  to  the  higher  effective 
surface  concentration  of  zinc  along  the  ground  surface.  Also,  the  junction  along  the  ground  sur¬ 
faces  is  as  flat  or  flatter  than  that  along  the  cleaved  surface.  The  large  abrupt  voids  in  the  junc¬ 
tion  line  are  believed  due  to  poor  junction  delineation.  In  a  subsequent  diffusion,  the  surface 
concentration  was  decreased  by  diluting  the  source  alloy  to  2.0-percent  zinc.  The  diffusion  was 
then  performed  for  90  hours  at  650°C.  This  junction  is  illustrated  in  Fig.  1-15.  The  reduced 
penetration  is  a  result  of  the  lower  zinc  concentration.  The  junction  has  larger  irregularities 
and  it  is  noticeable  that  the  surface  defects  were  essentially  reproduced  in  the  junction  plane. 

The  large  defects  on  the  surface  are  believed  due  to  thermal  etching.  Thus  it  seems  that  the 
junction  plane  becomes  more  surface  dependent  when  low  diffusant  concentrations  are  used. 

Figure  I  —  1 6  illustrates  the  results  when  the  diffusant  concentration  is  increased  to  4  percent. 

In  this  60-hour  diffusion  at  650°  C,  the  surface  effects  are  less  pronounced  than  those  shown  in 
Fig.  1-15.  These  preliminary  studies  indicate  that  junction  flatness  becomes  less  dependent  on 
surface  defects  as  the  surface  concentration  of  zinc  is  increased. 

The  junction  flatness  variation  along  cleaved  surfaces,  such  as  illustrated  in  Fig.  1-14,  is 
believed  to  be  due  to  poor  cleaving  rather  than  to  defects  in  the  bulk  crystal.  A  90-hour  diffusion 
at  650°C  into  a  well-cleaved  surface,  using  a  2.0-percent  zinc  concentration  in  the  source  alloy, 
did  produce  a  junction  which  is  flat  to  within  one  micron  over  the  entire  surface.  This,  however, 
was  an  exception  and  has  occurred  only  once.  There  is  as  yet  no  evidence  that  the  bulk  proper¬ 
ties  of  the  crystal  are  responsible  for  any  of  the  junction  variations.  Another  difficulty  encoun¬ 
tered  in  the  diffusion  of  zinc  into  GaSb  is  that  stresses  are  introduced  into  the  crystal  with  short, 
high-temperature  diffusions  and  rapid  quenching,  as  illustrated  in  Fig.  1-17.  The  photograph  is 
of  a  cleaved  surface  which  has  had  no  delineation  treatment  at  all.  The  p-n  junction  which  was 
checked  by  thermal  probing  is  clearly  defined.  The  striations  extending  perpendicularly  from 
the  surface  to  the  junction  are  irregularities  in  the  cleaved  surface,  and  are  believed  to  be  due 
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Fig.  1-13.  Crass  section  (magnified  500X)  af  junction 
formed  by  diffusing  into  polished  surface  for  16  hours 
at  650° C  fram  10-percent  Zn  in  Zn-Ga  source.  The 
junction  has  been  delineated  by  etching  with  a  solu¬ 
tion  67H2O:13HF:20HNO3  at  55°C. 


Fig.  1-14.  Crass  section  (magnified  200X)  of  junction 
farmed  by  diffusing  into  two  ground  ond  one  cleaved 
surfaces  for  16  hours  at  650°C  with  10-percent  Zn 
in  Zn-Ga  source.  The  junction  has  been  delineated 
by  etching  with  a  solution  67FLO:  1 3HF:20H NCL 
at  55° C. 


- SS -304  9 


Fig.  1-15.  Cross  section  (magnified  200X)of  junction 
farmed  by  diffusing  inta  ground  surface  for  90  hours 
at650°C  with  2-percent  Zn  in  Zn-Ga  source.  The 
junction  has  been  delineated  by  etching  with  a  solu¬ 
tion  67FLO:13HF:20HNCL  at  55°C. 


1  -SS -3050 | 


Fig.  1-16.  Crass  section  (mogniffed  200X)  af  junction 
formed  by  diffusing  inta  ground  surface  far  60  hours 
at  650°C  from  4-percent  Zn  in  Zn-Go  source.  The 
junction  has  been  delineated  by  etching  with  a  solu¬ 
tion  67HoO:13HF:20HNOo  at  55°C. 
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Fig.  1-17.  Cross  section  (mognified  200X)  of 
junction  formed  by  diffusing  ot  660°C  for  3 
hours  from  Zn-Go  source  with  10-percent  Zn 
concentrotion.  Diffusion  wos  followed  by  ropid 
woter  quench.  The  photogroph  is  of  o  cleoved 
surface  which  hos  not  been  etched. 


to  strains  in  the  crystal  caused  by  the  zinc  diffusion.  The  diffusion  was  performed  at  660°C  for 
3.5  hours  from  a  source  with  a  10-percent  zinc  concentration  and  was  followed  by  a  rapid  quench 
in  eold  water. 

Further  diffusion  studies  are  being  performed.  The  flattest  junctions  arc  being  used  to  fab- 

15 

ricate  diodes  with  a  laser  structure.  ^  ^  Calawa 


G.  DIFFUSED  p-n  JUNCTION  DIODES  OF  LEAD  SALTS 

Diffused  p-n  junction  diodes  have  been  fabricated  with  PbTe  and  PbSc.  The  procedure,  as 
outlined  previously^  for  PbSe,  utilizes  an  interdiffusion  mechanism  to  introduce  controlled 

deviations  from  stoiehiometry  and  is  a  modification  of  a  method  developed  by  Brebrick  and 

17  18 

Gubner,  and  Brebrick  and  Allgaier  to  study  composition  stability  limits.  As  is  well  known, 
excess  lead  gives  rise  to  n-type,  and  excess  selenium  and  tellurium  to  p-type  PbSe  and  PbTe, 

respectively.  An  analysis  of  experiments  based  on  Pick's  law  diffusion  results  in  the  following 

-8  2  - 1 

effective  interdiffusion  constants:  D^  4  x  10  cm  see  for  producing  a  p-layer  on  n-type 
PbSe  at  600°C;  D^  9  X  10  ^  em^  sec  *  for  an  n-layer  on  p-type  PbSe  at  650°C;  D^  6  X 
10  ?cm^  sec  1  for  an  n-layer  on  p-type  PbTe  at  650°C.  In  the  first  case,  the  diffusion  has 
been  studied  as  a  function  of  diffusion  time,  and  the  results  show  that  the  assumption  of  simple 
Fick's  law  diffusion  is  valid.  Diode  electrical  characteristics  have  been  studied  and  ean  be 
explained  as  resulting  from  a  combination  of  diffusion  and  tunneling  current  components. 

An  article  describing  this  work  has  been  submitted  to  the  Journal  of  the  Electrochemical 

?oclety-  J.F.  Butler 


H.  DISLOCATION  DENSITIES  IN  PbSe 

Dislocation  densities  in  PbSe  crystals  have  been  determined  by  producing  etch  pits  on  freshly 
cleaved  surfaces  and  assuming  a  one-to-one  correspondence  between  etch  pits  and  dislocations. 
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Fig.  1-18.  Etch  pits  in  PbSe:  (a)  1000X,  before  annealing,  etching  time  2  minutes; 
(b)  500X,  after  annealing,  etching  time  4  minutes. 


The  etching  solution  was  a  mixture  of  thiourea  and  HC1  originally  developed  for  use  on  PbS 

(Kef.  19)  and  was  applied  to  PbSe  without  modification.  PbSe  of  both  conductivity  types,  taken 

from  various  sources,  had  77°K  carrier  concentrations  ranging  from  10^  to  5  x  lO^cm 

2  - 1  - 1 

and  77°K  Hall  mobilities  between  33,000  and  12,000cm  volt  sec  .  In  all  cases,  the  disloca- 

7  -2 

tion  densities  were  found  to  be  on  the  order  of  1  0  cm  .  Figure  l-18(a-b)  shows  photomicro- 

18  3 

graphs  of  a  sample  (n  =  2X10  cm-  )  taken  before  and  after  it  had  been  annealed  by  heating  in 

_  \ 

a  closed  system  at  700° C  for  4  hours  and  cooling  to  room  temperature  at  a  rate  of  20°C  hr 

The  annealing  process  apparently  decreased  the  dislocation  density  by  a  factor  of  about  ten. 

1 9 

Scanlon  observed  that  minority  carrier  lifetime  in  PbS  was  approximately  inversely  pro- 

5  8-2 

portional  to  dislocation  density  over  the  range  studied  (10  to  10  cm  ).  One  would  expect  a 
similar  dependence  in  PbSe.  If  the  recombination  associated  with  dislocations  is  nonradiative, 
it  can  be  conjectured  that  the  previously  reported^  low  efficiency  of  injection  luminescence  of 
PbSe  diodes  is  related  to  the  high  dislocation  density. 

J.  F.  Butler 

I.  GROWING  HELICAL  DENSITY  WAVES  IN  SEMICONDUCTOR  PLASMAS 

An  article  with  the  above  title  has  been  submitted  to  the  Physical  Review.  A  summary  of 
the  paper  follows. 

A  theoretical  and  experimental  study  is  made  of  growing  screw-shaped  waves 
of  electron-hole  density  in  a  semiconductor  bar  subjected  to  sufficiently  large 
parallel  electric  and  magnetic  fields.  The  formulation  of  a  physical  model  for 
the  growth  mechanism  and  motion  of  this  helical  wave  leads  to  several  inter¬ 
esting  results.  It  is  shown  that  the  wave  may  exhibit  growth  in  two  distinctly 
different  forms.  For  unequal  densities  of  positive  and  negative  carriers,  the 
growth  is  spatial,  corresponding  to  unidirectional  traveling-wave  amplification. 

For  equal  or  nearly  equal  carrier  densities,  the  growth  may  be  temporal,  lead¬ 
ing  to  instability.  The  latter  case  corresponds  to  the  helical  instability  proposed 
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by  others  as  an  explanation  of  the  anomalous  diffusion  in  a  gas  discharge  with 
a  longitudinal  magnetic  field,  and  of  the  oscillistor  effect  in  semiconductors. 

It  is  shown  further  that  growing  helical  waves  may  be  obtained  in  a  particularly 
simple  physical  configuration.  All  that  is  required  is  a  uniform  semiconductor 
bar  with  a  low  recombination  surface,  ohmic  contacts,  and  moderate  applied 
electric  and  magnetic  fields. 

A  detailed  and  quantitative  mathematical  description  of  the  growth  and  propa¬ 
gation  chara*  '«  rustics  of  the  waves  is  presented.  Expressions  for  the  thresh¬ 
old  fields  and  frequencies,  growth  constant,  and  phase  constant  for  the  case 
of  stable  spatial  growth  are  derived.  These  results  are  further  improved  in 
accuracy  and  extended  by  numerical  computation.  The  analysis  and  discussion 
of  the  unstable  situation  is  carried  out  within  the  framework  of  a  quite  general 
technique  for  the  determination  of  instability  in  wavelike  systems,  and  a  quan¬ 
titative  stability  criterion  is  developed. 

Experimentally,  the  growing  helical  waves  were  excited  and  observed  in  bars 
of  30-ohm-cm  germanium  at  and  above  room  temperature.  The  growth  and 
phase  characteristics  of  the  waves  were  found  to  be  in  excellent  agreement 
with  the  theoretical  predictions.  Frequencies  of  operation  ranged  from  20  to 
400kcps,  with  electric  and  magnetic  fields  from  25  to  60  volts  cm  1  and 
0  to  llkgauss,  respectively.  Stable  traveling-wave  gain  in  excess  of  35dbcm~ 
was  attained.  Above  this  value,  nonlinear  effects,  including  saturation  and 
oscillations  in  the  terminal  sample  current,  similar  to  the  oscillistor  effect 
were  observed.  At  temperatures  of  67  *C  and  above,  evidence  of  unstable 
oscillations  appeared,  in  qualitative  agreement  with  the  theoretical  predictions. 
This  result,  coupled  with  the  observation  of  current  oscillations  due  to  large- 
signal  nonlinearity,  further  confirm  the  correctness  of  previous  explanations 
of  the  oscillistor  effect  in  terms  of  a  helical  instability. 

•  C.  E.  Hurwitz 

A.  1..  McWhorter 


J.  CURRENT  INSTABILITY  rN  GaAs 

An  investigation  of  an  instability  in  the  current  through  samples  of  n-type  GaAs,  first 

observed  by  J.  B.  Gunn,21  has  been  started  during  the  past  quarter.  This  instability  is  observed 

when  the  electric  field  is  increased  above  2000  volts  cm  *  and  occurs  at  room  temperature  with 

_  ■> 

no  external  magnetic  field  The  sample,  typically  a  10  ‘'em  cube  of  one-ohm -em  n-type  GaAs 
with  ohmic  contacts  on  both  ends,  has  a  resistance  of  about  ten  ohms.  The  spectrum  of  the  in¬ 
stability  has  a  center  frequency  of 

f  --  Vd/I. 

he  re  v,  is  the  drift  velocity  of  the  electrons  in  the  sample,  and  L  is  the  length  of  the  sample. 

d  7  _  \ 

I>se  quantity  is  typically  10  cm  sec  ,  so  f  is  in  the  1000-Mcps  range.  Gunn  has  reported 
spring  t>o*h  sinusoidal  and  random  current  variations. 
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The  circuit  used  in  this  experiment  is  shown  in  Fig.  1-19.  The  current  sampling  resistor  R 
is  usually  one -tenth  the  sample  resistance.  C  is  used  to  provide  an  electrically  short  path  around 
the  sample,  and  a  pulsed  voltage  source  is  used  to  avoid  heating  the  sample. 
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Fig.  1-19.  Circuit  used  to  observe 
instability  in  GaAs. 


Both  the  frequency  relation  f  s  v,/L  and  the  threshold  condition  E  .  **  2000  volts  cm* 

d  min 

have  been  confirmed.  Gunn*s  experiments  on  the  effects  of  light,  temperature,  and  magnetic 
field  have  also  been  extended  to  show  that  light  sufficient  to  change  the  conductivity  of  the  sample 
does  not  affect  the  instability,  that  immersing  the  sample  in  liquid  nitrogen  (77*K)  does  notaffect 
the  instability,  and  that  a  10,000-gauss  DC  magnetic  field  lowers  the  amplitude  of  the  instability, 
but  docs  not  change  the  threshold  or  the  spectrum. 

A .  G.  Foyt 


K.  INTERFACE-ALLOY  EPITAXIAL  HETEROJUNCTIONS 

An  article  with  the  above  title  has  been  submitted  for  publication.  The  abstract  of  the  paper 
follows. 

Abrupt  epitaxial  heterojunctions  have  been  produced  by  melting  the  lower- 
melting-point  semiconductor  at  the  interface  between  two  different  semi¬ 
conductors.  When  the  temperature  is  reduced,  the  melted  semiconductor 
recrystallizes,  having  alloyed  into  the  higher-melting-point  semiconductor 
Heterojunctions  between  GaAs  and  germanium  and  between  GaAs  and  GnSh 
have  been  produced.  Kossel  line  techniques  have  been  used  to  prove  con¬ 
clusively  that  the  GaAs-Ge  hetcrojunction  is  single  crystal.  Similar  hut  less 
definitive  results  for  the  GaAs-GaSb  couple  indicate  that  this  hetcrojunction 
is  also  single  crystal.  In  the  interface  alloying,  the  wafers  rotate  and/or 
tilt  with  respect  to  each  other  as  required  for  single-crystal  regrowth, 
which  appears  to  be  the  lowest  energy  method  for  regrowing.  Electron -beam 
microprobing  shows  that  for  the  GaAs-Ge  couple  the  transition  from  GaAs  to 
germanium  in  the  alloyed  region  is  not  monotonic,  whereas  for  the  GaAs-GaSb 
couple  the  transition  from  arsenic  to  antimony  is  abrupt  and  without  structure. 

As  rxpccted  from  the  known  electrical  activity  of  germanium  in  GaAs  and  gal¬ 
lium  and  arsenic  in  germanium,  the  electrical  characteristics  of  the  GaAs-Ge 
heterojunction  cannot  he  explained  by  simple  heterojunction  theory  A  possible 
explanation  in  terms  of  tunneling  through  the  barrier  at  the  crystal  interface  is 
offered  for  the  forward  current  of  the  GaAs-GaSb  heterojunctions  which  varies 

as  1  exp  (A  Vl 
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L.  MELT-BACK  EPITAXIAL  HETEROJUNCTIONS 

Heterojunctions  between  GaAs  and  GaSb  have  been  produced  by  completely  melting  the  lower- 
melting-point  semiconductor  (GaSb),  and  cooling  it  in  a  temperature  gradient  such  that  the  inter¬ 
face  recrystallizes  first.  This  fabrication  technique  should  be  contrasted  to  that  described  in 
the  preceding  section  where  only  the  interface  is  melted.  Although  the  crystalline  nature  of  a 
‘•completely-melted"  heterojunction  has  not,  as  yet,  been  investigated,  the  electrical  properties 
have  been  studied  and  are  described  below. 

The  GaAs  and  GaSb  samples  were  square  in  shape  and  0.5  mm  thick.  The  edges  were  2  and 
1  mm  for  GaAs  and  GaSb,  respectively,  and  the  resulting  junctions  were  about  1  mm  in  diameter. 
The  materials  were  prepared  by  rough  polishing,  followed  by  a  1 5-second  etch  in  a  solution  con¬ 
sisting  of  10-percent  bromine  in  methyl  alcohol.  The  alloying  was  performed  in  a  hydrogen  at¬ 
mosphere  with  heater  strips  both  above  and  below  the  GaAs-GaSb  couple,  as  illustrated  in 
Fig.  1-20.  After  the  GaSb  had  been  completely  melted  and  observed  to  "wet"  the  GaAs,  the  tem¬ 
perature  of  the  upper  strip  was  slowly  reduced  to  allow  the  GaSb  to  regrow  from  the  GaAs  sur¬ 
face.  The  GaSb  appeared  to  regrow  smoothly,  unless  the  cooling  was  done  too  rapidly.  It  should 
be  mentioned  here  that  there  was  evidence  of  some  slight  decomposition  of  the  GaAs  during  the 
formation  of  the  junction.  Units  were  mounted  on  tabs  with  the  GaAs  side  down.  Kovar  tabs 
clad  with  tin  were  used  to  make  ohmic  contacts  to  n-type  GaAs.  Ohmic  contacts  to  p-type  GaAs 
were  made  with  tabs  clad  with  97-percent  gold,  3-percent  zinc.  Alloy  contacts  using  0.040-inch- 
diameter  99%  Sn-1%  Te  dots  were  used  to  make  ohmic  contact  to  n-type  GaSb  and  0.010-inch- 
diameter  99%  In-1%  Zn  dots  were  used  for  making  contact  to  p-type  GaSb. 


UPPER  HEATER  STRIP 
(corbon  or  molybdenum)s 


Fig.  1-20.  Experimental  arrangement  far  allaying. 
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Units  of  all  combinations  of  doping  GaAs  and  GaSb  were  made  and  studied.  The  log  current 
density  vs  voltage  data  are  shown  in  Fig.  1-21  for  units  at  77  °K  and  in  Fig.  1-22  for  units  at  300°K. 
The  reverse  bias  data  depended  on  surface  preparation  and  are  not  shown.  Units  of  p-type  GaSb 
on  n-type  GaAs  showed  soft  reverse  breakdowns  at  about  5  volts.  Other  units  generally  had  lower 
breakdown  voltages.  Forward  conduction  occurred  when  p-type  GaAs  was  biased  positively  or 
when  n-type  GaAs  was  biased  negatively.  At  values  of  forward  current  below  which  series  resist¬ 
ance  becomes  important,  the  current  is  a  simple  exponential  function  of  voltage  for  all  units  ex¬ 
cept  p-GaSb  on  n-GaAs  at  77  °K,  in  which  case,  as  shown  in  Fig.  1-21,  there  is  a  kink  in  the  for¬ 
ward  characteristics.  In  order  to  check  for  contact  effects,  two  contacts  were  alloyed  to  each 
type  of  material.  The  characteristics  between  these  contacts  were  found  to  be  linear;  therefore, 
the  results  presented  above  cannot  be  explained  in  terms  of  contact  rectification. 
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Fig.  1-21  .  Forward  current-valtoge  characteristics 
at  77° K  of  all  four  types  af  GaAs-GaSb  hetero¬ 
junctions. 


Fig.  1-22.  Forward  current-valtoge  characteristics 
at  300°K  of  GaAs-GaSb  n-p  and  n-n  heterojunctians. 


Fig.  1-23.  Spectral  response  af  GaSb-lnAs  n-p 
heterofunctian  illuminated  through  GaSb. 
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All  the  units  showed  some  sensitivity  to  light.  Some  exhibited  as  much  as  0.3  volt  open  cir¬ 
cuit  voltage  under  microscope  lamp  illumination  at  77  °K. 

Attempts  have  also  been  made  to  form  junctions  between  GaSb  and  InAs.  The  structure  shown 
in  Fig,  1-20  was  used  with  InAs  replacing  GaAs.  The  junctions  have  shown  rectification  only  when 
made  between  p-type  InAs  and  lightly  doped  n-type  GaSb.  There  is  visual  evidence  of  decompo¬ 
sition  of  the  InAs  and  results  vary  a  great  deal  between  units  made  from  similar  material. 

Efforts  have  been  made  to  reduce  the  decomposition  by  placing  the  GaSb  in  direct  thermal 

contact  with  the  upper  heater  strip  and  making  the  process  as  fast  as  possible.  With  data  from 
22 

Boomgaard  and  Schol,  attempts  have  also  been  made  to  establish  the  appropriate  vapor  pres¬ 
sure  of  arsenic  to  prevent  decomposition  of  the  InAs.  Arsenic  was  heated  to  400°C  on  a  separate 
heater  strip.  When  this  was  done,  it  was  also  necessary  to  heat  antimony  to  700°C  to  prevent  it 
from  coming  out  of  the  melted  GaSb,  and  possibly  being  replaced  by  arsenic.  When  operated 
under  forward  bias,  diodes  made  without  attempting  to  reduce  the  decomposition  of  InAs  emitted 
infrared  radiation  at  about  1.8  microns,  similar  to  that  emitted  from  GaSb  homojunctions.  These 
diodes  did  not  show  InAs  radiation.  At  77  °K,  most  diodes  exhibited  open-circuit  photovoltages  as 
large  as  0.6  volt,  and  short-circuit  currents  of  about  0.5  amp  cm  ^  when  illuminated  with  a  micro¬ 
scope  lamp  at  77 °K.  The  spectral  response  of  one  of  these  diodes,  with  the  junction  illuminated 
from  the  GaSb  side,  is  shown  in  Fig.  1-23.  There  was  no  response  for  longer  wavelength  illumi¬ 
nation.  These  results  are  consistent  with  those  that  might  be  expected  if  a  junction  was  formed 
in  the  GaSb  rather  than  at  the  GaSb-InAs  interface. 

When  diodes  made  with  the  GaSb  in  direct  thermal  contact  with  the  upper  heater  strip,  and 
under  vapor  pressures  of  arsenic  and  antimony,  were  forward  biased,  they  emitted  —  in  addition 
to  the  1.8-micron  radiation,—  radiation  near  3  microns,  very  close  to  that  emitted  by  InAs  homo¬ 
diodes.  In  general,  these  units  exhibited  photovoltages  of  less  than  0.05  volt.  It  is  possible  that, 
using  methods  to  prevent  decomposition  of  the  InAs,  junctions  between  other  types  of  InAs  and 
GaSb  will  show  rectification  characteristics. 

W.  Lindley  (Summer  Staff  1963) 
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II.  LASER  RESEARCH 


A.  RAMAN  MASER 

\ 

The  angular  distribution  data  of  stimulated  Raman  emission  from  nitrobenzene  have  been 

used  to  calculate  the  dispersion  characteristics  of  nitrobenzene.  Using  known  values  of  index 
2 

of  refraction  at  the  laser  frequency  L  and  anti-Stokes  line  AS^,  and  the  measured  peak  angles 
of  AS^,  S^,  and  S^,  values  for  the  index  of  refraction  at  S^  S^,  and  S^  have  been  calculated 
(Fig.II-1).  This  curve  is  the  same  as  a  previous  one}  except  that  the  point  has  been  moved 
to  correct  a  numerical  error. 


FREQUENCY  (cmHX|03) 


Fig.  1 1-1.  Dispersion  characteristic  af  nitrobenzene.  Sol  id  portion  af  curve 
is  measured  index  of  refraction;  dashed  portion  is  drawn  through  paints  cal¬ 
culated  fram  ongulor  peoks  af  AS^  ,  $2/  ond  S^. 

In  order  to  further  substantiate  the  two-step  Raman  scattering  model,  experiments  are  now 
in  progress  to  obtain  stimulated  S1  emission  in  an  optical  cavity  structure  at  an  angle  with  the 
forward  direction.  An  even  more  crucial  test  is  the  feeding  in  of  S 1  radiation  at  the  phase- 
matching  angle  and  observation  of  an  enhancement  of  the  associated  AS^  radiation. 

S.  Kern  P.  E.  Tannenwald 

F.  H.  Perry  H.J.  Zeiger 
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B.  THEORY  OF  STIMULATED  RAMAN  EMISSION 


The  stimulated  Raman  process  has  been  studied  theoretically.  Equations  coupling  the  radi¬ 
ation  field  and  molecular  oscillations  at  frequency  c are  derived  from  the  density  operator 
equations  of  motion  for  the  material  system.  These  molecular  displacements  introduce  non¬ 
linear  terms  into  Maxwell's  equation.  The  cubic  term  is  found  to  be  responsible  for  the  stimu¬ 
lated  Raman  effect.  The  resulting  Maxwell  equation  is  of  a  similar  form  to  that  obtained  by 

4  5  b 

Armstrong,  et  al.,  and  specialized  to  the  Raman  case  by  Garmire,  et  aL,  Terhune,  and 

Hellwarth.^  In  the  dominant  Raman  process,  two  of  the  amplitude  factors  in  the  cubic  term 

pertain  to  the  incident  radiation.  If  we  assume  that  the  incident  intensity  at  frequency  u j  is 

constant,  the  cubic  term  reduces  to  an  effective  linear  term  which  couples  the  Stokes  radiation 

at  frequency  o)Q  —  u with  the  anti-Stokes  radiation  at  frequency  +  u,'v.  In  the  case  of  plane 

waves,  such  as  treated  by  Garmire,  et  al.  ^  the  coupling  between  the  two  waves  is  significant  if 

3  8 

the  following  matching  condition  is  fulfilled  * 


k  + 

a j  +03 
o  v 


03  -03 

O  V 


Zk 


(1) 


If  the  above  phase-matching  condition  is  obeyed,  the  growth  of  the  Stokes  radiation  is  severely 
modified  from  that  which  would  be  obtained  in  the  absence  of  interac  t  ion.  In  particular,  for  the 
plane  wave  model,  the  two  waves  should  obtain  nearly  the  same  intensities  in  the  phase-matched 
directions. 

Methods  of  solution  of  the  coupled  equations  in  three  dimensions  have  been  investigated  in 
some  detail.  These  methods  are  based  on  the  probable  nature  of  the  sources  of  the  Stokes  and 
anti-Stokes  radiation.  The  noise  sources  responsible  for  the  generation  of  Stokes  and  anti-Stokes 
waves  are  the  zero  point  or  thermal  vibrations  of  the  material  oscillators  interacting  with  the 
incident  radiation,  or  Stokes  radiation  scattered  from  the  forward  direction.  We  restrict  the 
present  calculation  to  the  first  case. 

The  Stokes  noise  radiation  is  by  far  the  stronger  one  since,  at  the  molecular  vibration,  the 
zero-point  fluctuations  predominate.  Because  the  Raman  oscillators  are,  to  a  high  degree  of 
approximation,  independent,  one  can  assume  that  the  noise  sources  form  an  incoherent  super¬ 
position  of  point  sources  that  produce  the  Stokes  radiation.  If  one  disregards,  at  first,  the 
interaction  of  the  Stokes  and  anti-Stokes  radiations,  each  point  noise  source  at  the  Stokes  fre¬ 
quency  acts  as  a  radiating  dipole,  thus  producing  a  growing  spherical  wave.  The  coupling  be¬ 
tween  the  Stokes  and  anti-Stokes  radiations  causes  the  spherically-growing  Stokes  wave  to  intro¬ 
duce  a  source  term  in  the  anti-Stokes  equation.  The  anti-Stokes  radiation  produced  by  this 
source  term  is  found  to  be  strongly  peaked  in  the  direction  given  by  solving  Eq.  (1)  for  the  angle 
between  the  anti-Stokes  and  the  incident  radiations.  It  is  then  found  that  this  anti-Stokes  radia¬ 
tion  does  not  markedly  affect  the  Stokes  wave  because,  for  spherical  waves,  the  phase-matching 
condition  (1)  is  fulfilled  only  in  a  narrow  angular  region.  This  is  in  contrast  to  the  plane  wave 
case  where  the  plane  waves  may  interact  over  the  entire  (Raman)  active  region.  The  angular 
width  of  the  anti-Stokes  peak  is  obtained  in  terms  of  the  growth  and  coupling  constants  for  Stokes 
and  anti-Stokes  radiations. 

Since  the  above  model  treats  the  anti-Stokes  generation  as  a  small  perturbation  on  the  Stokes 
radiation,  the  intensity  of  the  Stokes  radiation  is  therefore  solely  a  function  of  its  path  length  in 
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the  active  region.  The  average  path  length  has  been  calculated  as  a  function  of  the  angle  with 
respect  to  the  direction  of  the  incident  radiation.  The  results  are  in  qualitative  agreement  with 

g 

the  experimental  evidence,  provided  the  beams  of  incident  radiation  are  very  narrow  compared 
with  the  distance  traveled  through  the  active  medium. 

P.  L.  Kelley 
H.  J.  Zeiger 
H.  Haus  (Department  of 
Electrical  Engineering,  M.l.T.) 

C.  ENERGY  LEVELS  OF  d1  ELECTRONS  IN  CALCIUM  FLUORIDE 

o 

Previous  papers  have  shown  that  transition  ions  such  as  scandium,  yttrium,  and  lanthanum 
behave  as  deep  electron  traps  in  CaF^.  This  section  reports  new  data  on  optical  absorption  and 
electron  spin  resonance  (EPR)  of  Sc  +  ^  (3dS,  Y  +  2  (4d*),  and  La+U  (5dS  in  CaF^.  The  data  can 
be  explained  only  by  a  strong,  dynamical,  Jahn-Teller  (J-T)  distortion^  of  the  ground  state  of 
these  d*  electron  ions. 

Several  single  crystals  of  CaF?  doped  with  either  ScFv  YFV  or  LaF^  were  grown  and  then 

b  ^  \  \ 

exposed  to  5  x  10  rad  of  2.  5-IVIev  electrons  from  a  Van  de  Graff  generator.  The  trapping  of 

1  +2 
d  electrons  occurs  as  follows.  Trivalent  transition  ions  substitute  for  Ca  at  cation  sites 

The  excess  positive  charge  is  compensated  for  by  an  interstitial  F  1  ion.  Because  of  the  rapid 

diffusion  of  anions  in  CaF^,  the  transition  ion  and  its  compensator  will  be  highly  associated. 

When  this  material  is  exposed  to  ionizing  radiation,  the  transition  ion  traps  an  electron  in  a 

d-state;  a  hole  is,  in  general,  trapped  in  a  p-level  of  the  F^  compensator.  For  highly  associated 

pairs,  there  is  sufficient  wave  function  overlap  for  recombination  to  occur.  In  particular,  the 

1  2 

thermoluminescent  spectra  of  CaF^:  Sc,  Y,  La  can  be  explained  on  the  basis  of  radiative 
recombination  from  electron-hole  pairs  situated  on  the  first  five  nearest-neighbor  sites.  Sep¬ 
arated  pairs  are  metastable  and  represent  ~5  percent  of  the  initial  concentration.  Subsequent 
reduction  in  this  concentration  is  due  to  hole  hopping  from  the  F^  site  toward  the  divalent  transi¬ 
tion  ion. 

The  pertinent  EPR  data  of  Sc+2,  Y  +  2,  and  La  2  are  shown  in  Table  II  —  1  (a) .  These  results 
were  obtained  by  using  a  23.4-kIVIcps  spectrometer  at  temperatures  of  4.2°  and  20°K.  At  tem¬ 
peratures  above  20°K,  the  resonance  of  these  ions  is  isotropic  and  can  be  fitted  to  a  spin 
Hamiltonian  with  an  isotropic  g-factor  (g^go).  At  4.2°K,  however,  these  ions  show  an  axial 
spectrum  which  corresponds  to  a  tetragonal  distortion  along  one  of  the  cube  edges.  The  axial 
spin  Hamiltonian  can  be  fitted  by  g|  =  2.0  and  g^  =  2  —  x/a,  where  \  is  the  spin-orbit  interac¬ 
tion  parameter. 

1  3  ••  14  15 

Following  Van  Vleck,  Opik  and  Pryce,  and  Hayes  and  Twidell,  we  assume  that  there 

are  two  normal  modes  of  vibration,  =  p  sinO  and  =  p  cos  0 ,  of  a  cube  which  will  couple 

with  the  e^  doublet.  The  doublet  will  be  split  and  the  energy  of  the  lowest  orbital  singlet  is 

given  by 

E  =  —  A p  +  ~  McL;2p2  ±  A^p^  cos  30 

where  the  first  term  represents  the  J-T  electronic  energy,  the  second  term  is  the  elastic  energy 
in  the  absence  of  a  J-T  effect  and  the  last  term  gives  the  angular  dependence  of  the  energy.  Both 
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TABLE  ll-l 

OPTICAL  AND  PARAMAGNETIC  PROPERTIES  OF  Sc, 
AND  Lo  IN  CaF2  SINGLE  CRYSTALS 

V, 

(a)  Paramagnetic  Properties 

(b)  Optical  Transitions  (mp) 

Ian 

gisa 

gn 

9i 

e  t 

9  2g 

A(cm 

d  2~d  2  2 
z  x  -y 

Sc  (III) 

1.991 

1.99 

1.985 

311  374  418 

27,600 

538  (18,590  cm'1) 

V  (III) 

1.971 

1.99 

1.958 

230  336  402 

32,700 

582  (17,180  cm'1) 

La  (III) 

1.936 

2.00 

1.905 

271  351  421 

29,700 

678  (14,750  cm'1) 

E5-86~g978fg-bT| 


WAVELENGTH  (microns) 


Fig.  11-2.  (o)  Energy  level  diagram  for  o  d  electron  in  CaF2*  (b)  Relative  optical 

absorption  (crrT^)  of  CaF2(Y+2)  as  a  function  of  wavelength.  Curve  1  -  raam  tem¬ 
perature  electron  irradiation  and  measurements,  curve  2— irradiated  at  77° K  and 
measured  at  260°K,  curve  3  —  irradiated  and  measured  at  77°K. 
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E  and  the  g-factor  will  depend  on  the  sign  of  A^  as  well  as  on  the  expectation  value  of  0. 

The  EPR  spectra  allow  us  to  construct  the  energy  level  diagram  shown  in  Fig.  II-2(a).  The 

e^  doublet  splits,  leaving  a  d  2  ground  state.  The  ground  state  has  energy  minima,  Em*n  ~ 

—  A^/2Mcj2,  at  0  =  7r,  5 7r/ 3 ,  and  7r/3.  Three  potential  barriers,  located  between  the  minima, 

are  given  by  E  «  —  E  .  +  A Both  E  .  and  E  are  located  on  a  circle  radius  p 

&  2  max  min  y  min  max  ^  rmin 

A/Mu;  .  The  cubic  field  will  raise  the  t^  levels  an  energy  of  A  =  30,000cm  .  In  addition, 

these  levels  will  be  split  by  the  static  J-T  tetragonal  field  as  well  as  a  J-T  effect  in  the  excited 
states.  Figure  II- 2 (a)  shows  that  the  -*  ^(x2-y2)  vertical,  optical  transition,  represented 
by  d,  will  occur  close  to  the  levels.  We  therefore  expect  four  broad  optical  absorptions  at 
an  energy  of  ~30,000  cm 

+2  +2 

Curve  1  of  Fig.  II-2(b)  plots  the  optical  absorption  at  20°C  due  to  Y  .  Spectra  for  Sc  and 

+2  +2 
La  are  similar  and  are  given  in  Table  II-l(b).  The  spectra  of  Y  change  with  temperature 

as  follows.  At  77°K,  the  t?  levels  shift  to  higher  energies  by  425cm  and  at  ~4  0°K  move  an 


-1 


additional  4  75  cm  .  The  d-transition,  however,  shifts  toward  lower  energy  as  the  temperature 
is  decreased.  At  77°K,  the  shift  is  350cm  1  and  at  — 10°K  the  total  shift  is  725  cm  *.  To  ex¬ 
amine  this  situation,  crystals  of  CaF^:Y  were  irradiated  with  electrons  at  77°K  and  maintained 
at  this  temperature  for  absorption  measurements.  The  spectrum  at  77°K  is  shown  by  curve  3 
and  curve  2  shows  how  the  absorptions  change  as  the  sample  temperature  is  raised  to  ~260°K. 
These  spectra  are  interpreted  as  follows.  At  77°K,  a  weak  band  is  observed  at  828  mp  which 
disappears  into  a  broad  tail  of  the  d-transition  at  ~100°K.  The  origin  of  the  band  appears  to  be 
structural  and  is  probably  a  hole  or  other  point  defect  trapped  near  the  Y  ion  so  that  the 
d-transition  occurs  at  a  low  energy.  Most  of  the  d-transition  at  77°K  is  at  547  mfi.  Note  also 
at  77 °K  that  the  splitting  of  the  t?  levels  has  been  reduced. 

J.  R.  O'Connor 

J.  H.  Chen  (Boston  College) 


D.  INTENSE  SOURCES  FOR  OPTICALLY  EXCITED  GaAs  CRYSTALS 

Previously,  the  external  quantum  efficiency  of  optically  excited  GaAs  crystals  was  reported 

to  be  within  an  order  of  magnitude  of  values  obtained  from  diode  masers  operated  below 

threshold.1^  Further  investigation  and  recent  reports17"20  have  shown  that  p-type  crystals  with 
19  -  3 

approximately  1  x  10  cm  zinc  or  cadmium  impurity  concentrations  and  n-type  material  with 
4  7  -  3 

approximately  3x10  cm  tellurium  or  silicon  impurities  exhibit  spontaneous  emission  char¬ 
acteristics  similar  to  diode  maser  subthreshold  spectra.  As  a  result,  an  effort  has  been  made 
to  observe  stimulated  emission  from  such  crystals  by  the  use  of  high-intensity  optical  pumps. 
Several  systems  of  this  nature  have  been  designed  and  constructed  with  the  ultimate  source  pa¬ 
rameters  defined  by  thermal,  detector,  and  inversion  considerations.  A  continuously  variable 

_2 

pump  with  a  maximum  power  density  of  5000  watts  cm  ,  a  pulse  length  of  ^lOpsec,  a  spectral 

o 

distribution  such  that  3000  <  8000  A,  a  13-pps  repetition  rate,  and  30-percent  efficient  op¬ 

tical  coupling  were  taken  as  the  initial  design  parameters. 

The  first  source  to  show  promise  of  fulfilling  the  given  requirements  was  the  Edgerton, 
Germeshausen  8*  Grier  FX-51  xenon  flashlamp  which  has  an  arc  length  of  8  cm  and  an  inside 
bore  diameter  of  0.7  cm.  Successful  operation  of  this  lamp  up  to  its  maximum  voltage  rating 
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of  3000  volts  DC  was  characterized  by  a  maximum  power  density  of  250  watts  cm'"  (through  a 

Corning  CS4-97  filter),  lasting  lOOpsec  at  a  repetition  rate  of  1.6  pps.  The  optical  coupling 

consisted  of  a  fast  lens  and  mirror  system  which  effectively  collected  7  percent  of  the  total 

3  + 

lamp  power.  This  system  without  the  filter  pumped  a  CaWO^rNd  maser  at  1.6  pps,  2000  volts 
DC,  and  lOOpfd. 

The  output  spectrum  determined  by  the  CS4-97  filter  was  studied  with  a  Jarrell- Ash  f/6.3 

o 

spectrometer  and  showed  a  predominantly  blue  radiance  having  a  2700-A  bandwidth.  The  same 
type  of  tube  with  mercury  added  was  approximately  10  percent  less  efficient  than  the  standard 
lamp. 

An  experimental  XFX-51  source  with  a  5000-volt  DC  maximum  rating  has  recently  been 
purchased  and  preliminary  studies  have  yielded  operation  at  1.6  pps,  4000  volts  DC,  and  1  pfd, 
with  a  25-psec  output  pulse  duration.  Also,  the  filtered  bandwidth  has  been  doubled  by  the  use 
of  a  KG-3  Schott  heat-glass  filter,  and  the  optical  coupling  increased  25  percent  by  utilizing  an 

American  Optical  image  conduit.  This  system  should  yield  750  watts  cm  In  addition,  a 

_  ? 

1-psec,  13-pps,  5000-watts  cm  pump  is  anticipated  when  a  10,000-volt  DC  PEK-XE-10  xenon 
lamp  system  is  completed. 

The  second  source,  a  ruby  laser,  was  chosen  for  its  immediate  availability,  high  intensity, 
and  short  duration  pulse.  Such  a  device  has  been  previously  used  to  excite  semiconductor  crys- 

o  21 

tals  having  a  band  edge  greater  than  7000  A.  By  using  a  directly  exposed  7102,  S-l  response 

photomultiplier,  it  was  possible  to  calibrate  a  5-mm  square  rod  in  a  normal-mode  external- 

4  -  2 

mirror  configuration  such  that  a  repeatable  power  density  as  high  as  6  x  10  watts  cm  and 
individual  spike  durations  of  approximately  0.5psec  could  be  obtained. 

Although  both  sources  have  produced  useful  data,  the  results  regarding  stimulated  emission 
have  been  inconclusive,  and  a  rigorous  experimental  program  for  obtaining  more  definitive  in¬ 
formation  has  been  undertaken.  T  T  0  . 

J .  J  .  Schlickman 


Fig.  11-3.  Phase  shift  interferometer. 
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E.  INTERFEROMETRIC  PHASE -SHIFT  TECHNIQUE  FOR  MEASURING 
SHORT  FLUORESCENT  LIFETIMES 


As  is  well  known,  the  beam  from  a  gaseous  laser,  when  projected  on  the  cathode  of  a  photo¬ 
multiplier,  will  produce  a  signal  at  the  difference  frequency  between  axial  modes  of  the  laser 
22  23 

cavity.  ’  Excitation  of  a  fluorescent  material  by  the  same  gaseous  laser  beam  produces  a 
fluorescence  which  is  also  amplitude-modulated  at  just  this  difference  frequency.  Using  a  gas¬ 
eous  laser  as  a  source  for  a  2-beam  interferometer,  and  a  photomultiplier  as  a  detector,  one 
can  obtain  a  null  in  the  difference  signal  when  a  beam  travels  an  additional  distance  equal  to  just 
half  a  wavelength  of  the  difference  frequency.  Hence,  one  can  measure  by  a  sensitive  null  tech¬ 
nique,  a  phase  shift  in  the  modal  difference  frequency  produced  in  a  fluorescent  material  by 
virtue  of  the  fact  that  it  emits  with  some  characteristic  time  r. 

The  experimental  apparatus  consists  of  a  2-beam  interferometer,  gaseous  laser  source, 
and  photomultiplier  detector  schematically  shown  in  Fig.  II- 3.  The  helium-neon  laser  is  oper¬ 


ated  at  6328  A  with  a  mirror  spacing  which  gives  stable  optical  modes  155Mcps  apart.  The 
receiver  is  tuned  to  accept  the  155-Mcps  signal  which  is  detected  by  the  audio  beat  between  it 
and  a  beat-frequency  oscillator.  The  audio  signal  is  nulled  first  with  a  glass  slide  reflector  in 
place  of  the  sample,  by  moving  the  prism  along  an  optical  bench.  The  filters  are  such  that  both 

o 

6328-A  beams  reach  the  detector  but  with  suitable  attenuation.  The  polarizer  is  a  convenient 
means  of  attenuating  one  beam  so  the  amplitudes  of  both  beams  are  identical;  otherwise,  the 
null  will  not  be  complete.  The  glass  slide  is  then  replaced  by  a  fluorescent  sample  with  the 

o 

appropriate  filter  to  block  the  6328-A  radiation  and  allow  the  fluorescent  radiation  to  reach  the 
detector.  The  null  position  of  the  prism  will  now  have  been  altered  by  the  phase  delay  associated 
with  the  fluorescent  lifetime. 

By  means  of  this  technique,  we  have  measured  the  lifetime  at  room  temperature  for  single- 

_9 

crystal  Merck  GaAs,  n-doped  with  tellurium,  and  find  that  r  :  3.0  x  10  sec.  This  may  be 

24  -9 

compared  with  an  experimental  value  of  6  x  10  sec  determined  from  minority  carrier  stor- 

25 

age  measurements  in  diodes  and  a  theoretical  calculation  that  indicates  a  lower  limit  of 

- 1  0  ° 
r  =  2.5  x  10  sec.  Fluorescent  spectra  of  this  sample  excited  by  the  6328-A  laser  show  that 


the  fluorescent  radiation  is  contained  totally  in  a  single  band  240  A  wide,  peaked  at  8690  A. 

Further  measurements  on  a  p-n  junction  doped  with  zinc  and  tellurium,  respectively,  give 

t  -  6.6  x  10  10  see  for  the  p-doped  face  and  r  =  9.4  x  10  ^  sec  for  the  n-doped  face.  On  cooling 

-10 

to  liquid  nitrogen  temperature,  the  lifetimes  are  shortened  by  about  1  x  10  sec.  We  have 
been  unable  to  note  any  difference  in  lifetime  between  a  sample  with  a  carefully  lapped  surface 
and  the  same  sample  with  an  etched  surface. 

Further  work  is  planned  with  a  monochromator  in  the  fluorescent  beam.  It  should  be  noted 
that  this  technique  is  adaptable  to  the  measurement  of  the  relative  delay  across  the  face  of  a 


photomultiplier  detector. 


P.  R.  Longaker 
R.  J .  Carbone 


F.  MULTILAYER  DIELECTRIC  FILMS 

The  vacuum  evaporation  unit  for  producing  multilayer  dielectric  films  has  been  used  for 
mirror  preparation  and  reflective  coatings  on  such  devices  as  GaAs  lasers.  Multilayers  having 
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their  spectral  reflecting  bands  centered  around  6000,  7000,  8500  A,  and  1.4  microns  have  been 
produced  successfully.  Figure  II —4  shows  a  typical  spectral  transmittance  curve,  in  this  case, 

o 

for  a  mirror  prepared  to  reflect  at  both  5700  and  6300  A. 

M.  D.  Zimmerman 


Fig.  11-4.  Transmittance  of  ZnS-MgF2  multilayer  dielectric  mirrar. 


G.  FAR-FIELD  PHOTOGRAPHS  OF  IMPROVED  RUBY 

Successful  operation  of  such  systems  as  the  parametric  oscillator  require  high  mode  purity 
in  the  ruby  beam.  Far-field  patterns  of  a  1 -inch-long  ruby26  of  excellent  quality  were  taken 
with  a  lens  of  2-meter  focal  length.  The  photographs,  taken  with  progressively  decreasing 
exposures,  are  shown  in  Fig.  II-5(a-d).  For  comparison,  the  far-field  pattern  of  a  ruby  of  or¬ 
dinary  quality  is  shown  in  Fig.  II-6. 
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Fig.  1 1-5.  Far-field  pottern  of  on  improved  ruby,  exposures  decrease  from  (a)  to  (d). 
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Fig.  11-6. 


Far— fi eld  pattern  of  an  ordinary  ruby. 


In  the  photograph  of  the  good  ruby,  the  off-axis  modes  are  quite  distinguishable  from  the 
on-axis  modes  of  the  Fabry-Perot  etalon  resonator  of  the  laser.  In  Fig.  II-5(a),  several  off-axis 
rings  are  seen  in  addition  to  the  overexposed  on-axis  modes  in  the  center.  In  (b)  only  one  off- 
axis  mode,  the  first  one,  which  lies  at  0  \  X/d  is  seen.  In  (c),  only  the  on-axis  modes  appear, 

and  in  (d)  the  central  diffraction  spot  of  the  on-axis  modes  is  evident.  The  angular  width  of  this 
spot  is  0  X/d,  the  diffraction  limit.  In  the  photograph  of  the  ordinary  ruby  (Fig.  II-6),  the 
on-  and  off-axis  modes  are  smeared  together  and  indistinguishable. 

Jane  H.  Dennis 
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III.  MATERIALS  RESEARCH 


A.  VAPOR  GROWTH  OF  CRYSTALS  BY  FORCED  CONVECTION 

A  number  of  different  methods  have  been  used  for  vapor  growth  of  crystals.  Most  theoretical 

attention  has  been  focused  on  growth  from  a  one-componcnt  vapor,  since  this  process  can  be 

analyzed  in  terms  of  two  independent  variables:  the  temperature  of  the  growing  crystal  and  the 

degree  of  supersaturation.  The  practical  importance  of  this  method  is  limited,  however,  since 

only  materials  which  have  relatively  high  vapor  pressures  below  their  melting  points  can  be 

grown  in  single-crystal  form  at  satisfactory  rates. 

Crystals  of  materials  with  low  vapor  pressures  can  be  grown  from  the  vapor,  if  suitable 

carrier  gases  are  available.  One  method  of  this  kind,  in  which  the  carrier  gas  transports 

material  from  the  source  to  the  growing  crystal  by  natural  convection,  is  shown  schematically 

in  Fig.  Ill- 1(a).  Since  the  concentration  of  the  transported  species  available  for  deposition  from 

4  6 

the  gas  phase  is  less  by  a  factor  of  10  to  10  than  the  concentration  of  the  crystal,  the  volume 

4  6  3 

of  carrier  gas  which  must  be  moved  is  10  to  10  cm  per  cubic  centimeter  of  grown  crystal. 
Under  the  usual  experimental  conditions,  the  velocity  produced  by  natural  convection  is  of  the 

_  i 

order  of  10  cm  sec  .  Therefore,  the  linear  growth  rates  achieved  by  this  method  are  inconven- 

-3  - 1  - 1 

iently  low,  typically  in  the  range  10  to  10  cm  hr 

The  rate  of  crystal  growth  can  be  greatly  increased  by  forced  convection  of  the  carrier  gas, 

5  - 1 

since  gas  velocities  up  to  10  cm  sec  can  easily  be  attained  in  this  manner.  The  use  of  forced 
convection  is  also  advantageous  because  the  degree  of  supersaturation  can  be  better  controlled 
and  because  the  formation  of  massive  crystals  rather  than  dendrites  is  favored,  since  crystal 
growth  is  significantly  influenced  by  aerodynamic  as  well  as  by  crystallographic  forces. 

An  apparatus  for  studying  forced  convection  is  shown  schematically  in  Fig.  Ill  —  1(b) .  A  stream 
of  carrier  gas  saturated  with  vapor  at  temperature  is  directed  by  a  nozzle  to  a  cooled  seed, 


Fig.  1 1 1-1.  Vopor  growth  of  crystols  by:  (o)  noturol 
convection  ond  (b)  forced  convection.  The  directions 
of  gos  flow  ore  indicoted  by  arrows. 
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where  crystal  growth  occurs  at  temperature  T^.  The  rate  Gq  in  grams  per  hour  at  which  vapor 
leaves  the  nozzle  is  given  by 


G 


o 


P2  QeM 
1  -  pz  24.02 


where  p^  is  the  vapor  pressure  in  atmospheres  of  the  feed  stock  at  Q(,  is  the  flow  rate  of 
carrier  gas  in  liters  (NTP)  per  hour,  and  M  is  the  molecular  weight  of  the  vapor.  Only  a  por¬ 
tion  of  the  vapor  leaving  the  nozzle  is  available  for  deposition  at  T^,  sinee  the  carrier  gas  must 
remain  saturated  with  vapor  at  that  temperature.  The  maximum  possible  rate  of  deposition 

G  is  given  by 
max  17 


G 


P^1  ~P2> 

p2u  -Pi> 


where  p^  is  the  vapor  pressure  in  atmospheres  of  the  crystal  at  T ^ .  Two  different  growth  effi¬ 
ciencies  are  of  interest.  The  projected  efficiency  is  defined  as  the  ratio  of  the  observed  growth 

rate  in  the  projected  area  of  the  nozzle  to  the  maximum  possible  rate  (E  G  /G  ),  and  the 
r  J  P  P  max 

total  efficiency  is  the  ratio  of  the  total  growth  rate  to  the  maximum  possible  rate  (E^  G  /G  ). 

In  order  to  study  the  forced  convection  method  experimentally,  growth  of  iodine  crystals  by 
this  method  is  being  investigated.  Iodine  was  chosen  because  rapid  crystal  growth  can  take  place 
at  convenient  temperatures  and  because  growth  from  pure  iodine  vapor  has  already  been  exten¬ 
sively  studied.  The  apparatus  is  shown  in  T  ig.  III-2.  It  is  immersed  in  a  water  thermostat 


Fig.  1 1 1  —  2*  Apparatus  far  farced  canvectian 
growth  of  iodine  crystals. 


Fig.  1 1 1  — 3 .  Linear  growth  rate  vs  length  far  iadine 
crystals  grown  at  various  flaw  rates. 
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typically  maintained  at  90°C.  Helium  gas  passes  through  a  preheater  coil  (not  shown),  a  feed 
bed  of  granular  iodine  8  inches  long,  and  a  glass  nozzle.  The  saturated  gas  then  strikes  an  air- 
cooled  glass  finger  containing  a  thermocouple  and  finally  passes  through  a  condenser,  where  the 
iodine  not  deposited  on  the  cold  finger  is  condensed.  Figure  III  -  Z  shows  a  boulc,  consisting  of 
several  large  grains,  which  was  grown  on  the  cold  finger  during  one  of  the  runs.  It  can  be  seen 
that  the  shape  of  the  boule  was  determined  primarily  by  the  gas-flow  pattern. 

Quantitative  results  obtained  in  one  preliminary  run  are  shown  in  Fig.  Ill  -  3 .  The  linear 
growth  rate  on  the  portion  of  the  cold  finger  opposite  the  nozzle,  measured  with  a  cathetometer, 
is  plotted  against  the  total  length  of  grown  crystal  for  various  values  of  G  .  There  is  consider¬ 
able  scatter  in  the  data  due  to  fluctuations  in  the  cold  finger  temperature  which  resulted  from 
using  an  unsatisfactory  air  regulator.  Nevertheless,  it  is  clear  that  the  growth  velocity  decreased 
as  the  length  of  the  crystal  increased,  probably  because  the  temperature  at  the  growth  interface 
increased,  even  though  the  temperature  measured  by  the  thermocouple  inside  the  cold  finger  was 
kept  approximately  constant.  The  difference  between  the  interface  and  thermocouple  tempera¬ 
tures  should  have  been  greatest  at  the  highest  gas  flow  rates.  This  probably  accounts  for  the  fact 
that  for  the  longest  crystals  the  growth  velocity  decreased  with  increasing  Gq,  while  for  suffi¬ 
ciently  short  crystals  the  velocity  increased  with  as  expected.  The  growth  rates  are  an  order 

of  magnitude  greater  than  those  usually  observed  for  vapor  growth  of  massive  crystals,  although 

- 1 

gas  velocities  of  only  10  to  100  cm  sec  were  used. 

During  the  run  of  Fig.  Ill  -  3 ,  65.6  grams  of  iodine  were  vaporized  from  the  feed  bed  at 

T^  =  90°C  (p^  =  27.5mm  Hg).  Of  this  amount,  15.5  grams  were  available  for  deposition  at 

T^  -  84.5°C  (p^  =  21mm  Ilg).  The  mass  condensed  on  the  seed  was  5.9  grams,  giving  a  value  of 

0.38  for  the  average  total  efficiency  for  all  the  flow  rates  listed  in  Fig.  Ill- 3.  This  is  actually  a 

minimum  value  for  E  since  the  average  temperature  at  the  interface  was  probably  greater  than 
*  _  1 

84.5°C.  For  a  flow  rate  of  1.6  g  hr  of  iodine,  the  initial  growth  rate  was  0.45mm  hr  ,  corre¬ 
sponding  to  a  projected  efficiency  E  of  0.09. 

It  is  interesting  to  compare  the  measured  mass  transfer  efficiencies  with  the  heat  transfer 
efficiencies  measured  in  forced  convection  heat  transfer  from  flames.  For  slow  flames  such  as 
those  produced  by  a  bunsen  burner,  as  much  as  10  percent  of  the  available  heat  can  be  trans¬ 
ferred  to  a  probe  in  the  projected  area  of  the  flame,  while  essentially  100  percent  of  the  available 
heat  can  be  transferred  to  a  sufficiently  large  probe. 

T.  B.  Reed 
W.J.  La  Fleur 

B.  THERMOELECTRIC  MEASUREMENTS  ON  HIGH -RESISTIVITY  SOLIDS 

A  system  has  been  constructed  for  making  thermoelectric  measurements  at  temperatures 
between  —50°  and  900°C  on  solids  with  resistances  at  least  as  high  as  20  megohms.  Rigorous 
shielding  of  all  parts  of  the  system,  including  even  the  dewar  containing  the  thermocouple  refer¬ 
ence  junctions,  was  found  to  be  necessary  to  prevent  spurious  readings  due  to  pickup.  Fig¬ 
ure  III  - 4  is  an  exploded  view  of  the  sample  holder  assembly.  The  silver  blocks  shown  are  used 
to  stabilize  the  temperatures  at  the  ends  of  the  sample  and  to  minimize  temperature  gradients 
along  the  thermocouples,  which  are  insulated  by  quartz  spaghetti  and  brought  out  through  holes 
in  the  blocks.  The  sample  assembly  is  clamped  together  by  means  of  spring-loaded  stainless 
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PLATINUM  OISK 


0.010-INCH  01 AME TER 
>  PLATINUM-PLATINUM  (90)  RH00IUM  (10) 
THERMOCOUPLES 


Fig.  II 1-4,  Exploded  view  of  sample  assembly  used  for  thermoelectric 
measurements  on  high-resistivity  solids. 


AT  (°C) 


Fig.  111-5.  Potential  difference  vs  temperature 
difference  far  Qr^>^-2°/o  AI^O^. 
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steel  rods  and  placed  inside  a  stainless  steel  shield  on  which  are  wound  two  trimming  resistance 
heaters  used  to  maintain  the  desired  temperature  gradient  across  the  sample.  For  measure¬ 
ments  above  and  below  room  temperature,  the  apparatus  is  either  heated  with  a  clam-shell  re¬ 
sistance  furnace  or  cooled  by  a  dry-ice  bath  surrounding  the  outer  tube.  The  thermocouple 
voltages  are  measured  with  a  K-3  potentiometer,  and  the  voltages  across  the  sample  are  meas¬ 
ured  with  a  Fluke  Model  821A  high-impedance  differential  voltmeter,  which  is  completely  en¬ 
closed  by  shielding. 


Fig.  1 11-6.  Reslstonce  vs  reciprocal  temperature 
forCr203-3%  Al203. 


The  system  has  been  usqd  to  make  Seebeck  measurements  at  average  temperatures  between 
6°  and  41°C  on  a  crystal  of  Cr^O^-3%  Al^O^  obtained  from  the  Linde  Company.  The  results  are 
shown  in  Fig.  III-5,  where  the  potential  difference  between  the  platinum  leads  attached  to  the 
sample  is  plotted  against  the  temperature  difference.  Since  the  experimental  points  fit  a  straight 

line,  over  the  temperature  range  investigated  the  Seebeck  coefficient  has  a  constant  value  of 

- 1 

+  900  pv  deg  obtained  from  the  slope  of  the  line.  The  fact  that  the  line  passes  through  the  origin 
indicates  that  the  shielding  of  the  system  was  sufficient  to  reduce  pickup  voltages  to  a  satisfac¬ 
tory  level.  The  resistance  of  the  sample  was  measured  with  the  same  system  and  the  results 
are  shown  in  Fig.  Ill  —  6,  where  log  R  is  plotted  against  10^/T  °K.  The  data  fit  a  straight  line 
whose  slope  corresponds  to  an  activation  energy  of  0.4  ev.  Over  the  temperature  range  of  the 
Seebeck  measurements,  the  sample  resistance  varies  between  about  3  x  10^  and  2  x  10^  ohms. 

D.  S.  Chapin 
J .  M.  Honig 


C.  THERMOELECTRIC  PROPERTIES  OF  Cr02 

The  Seebeck  coefficient  (n)  and  resistivity  (p)  have  been  measured  as  a  function  of  temperature 

on  hot-pressed  polycrystalline  CrO?  obtained  by  the  high-pressure  reaction  between  CrCL  and 

\  ^  * 

Cr 2^3 ‘  mater^a^  n-type  and  exhibits  values  of  a  and  p  which  are  unusually  low  for  an 

oxide.  In  the  Seebeck  measurements,  the  plots  of  potential  difference  vs  temperature  difference 

give  straight  lines  which  pass  very  close  to  the  origin.  The  measured  values  of  a,  corrected  for 

the  Seebeck  coefficient  of  platinum,  are  plotted  against  10  /T  °K  in  Fig.  Ill -7 .  The  data  can  be 
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Fig.  111-7.  Seebeck  coefficient  (a)  vs  reciprocal 
temperature  for  hot-pressed  polycrystalline  CrO^. 


fitted  by  two  straight  lines  intersecting  at  about  320° K.  The  values  of  p  are  in  the  range  1.2  to 
4.3  milliohm-em  and  generally  increase  with  temperature  between  —50°  and  240°C.  No  clear 
evidence  was  found  for  a  maximum  in  p  previously  reported  in  the  literature.^ 

D.  S.  Chapin 
J .  M .  flonig 


D.  PROPERTIES  OF  n-  AND  p-TYPE  PbSe 

Eleetrieal  and  optieal  measurements  on  n-type  samples  of  Bi-doped  PbSe  with  apparent  car¬ 
rier  concentrations  at  77°K  (n*7  =  l/eR77)  between  1  X  10^  and  2  X  lO^^cm  ^  were  reported 

previously.3  Additional  measurements  have  been  made  on  undoped  n-type  samples  with  n*  as 

18-3  '  ' 

low  as  1.5  X  10  cm"  and  on  p-type  samples  with  apparent  hole  concentrations  at  77 °K  between 

17  19  -3 

3  X  10  and  5  X  10  cm  .  All  samples  were  cut  from  single  crystals  grown  in  evacuated 
quartz  ampules  by  the  Bridgman  method.  The  highest  hole  concentrations  were  obtained  by  dop¬ 
ing  with  silver,  while  the  lowest  hole  concentrations  were  obtained  by  annealing  undoped  samples 
under  controlled  selenium  pressures. 

Within  the  scatter  of  the  data,  the  Hall  mobilities  at  4.2°,  77°  and  300°K  (Fig.  111-8)  and  the 

thermoelectric  power  at  300°K  (Fig.III-9)  are  the  same  for  n-  and  p-type  samples  with  the  same 

18  19 

carrier  concentrations.  (Although  n-type  samples  with  n^'7  between  about  7  X  10  and  4  x  10 

_  3 

cm  generally  have  lower  mobilities  at  4.2°K  than  the  corresponding  p-type  samples,  the  re¬ 
duction  in  mobility  ean  be  attributed  to  compensation  of  the  bismuth  donors  by  acceptor  lattice 
defeets  associated  with  stoiehiometrie  deviations.)  The  highest  mobilities  observed  at  77°  and 
300°K  are  probably  about  the  same  as  the  lattiee  mobilities  at  those  temperatures,  but  the  high¬ 
est  values  observed  at  4,2°K  are  probably  considerably  lower  than  the  lattice  mobility.  At  all 
three  temperatures,  the  mobility  decreases  with  increasing  n over  the  concentration  range  in 
which  impurity  scattering  is  significant. 

For  the  n-type  samples  investigated  previously,  it  was  reported  that  the  Hall  coefficient  is 
13  to  22  percent  higher  at  300°  than  at  77°K.  As  shown  in  Fig.  111-10,  where  R3qq  R77  is  plotted 
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Fig.  111-8.  Variotion  of  Hoi  I  mobility  (R)  with  n*y  =  1/eR^  for  PbSe. 


Fig.  111-9.  Voriotion  of  thermoelectric  power  (a)  at  300°K  with  n*  for  PbSe. 
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Fig.  111-10.  Variation  of  ^300^77  w'^  nyj  f°r  PbSe. 


|  3-83-2998-1 | 

n-TYPE  p-TYPE 

0  • 

REFLECTIVITY 

A 

THERMOELECTRIC  POWER 

□ 

FARADAY  ROTATION 

O 

- 

(Walton  ond  Moss) 

0  ° 

• 

O 

O  ° 

O 

O 

• 

*  0 

O 

O 

O 

.  O 

O 

O 

• 

D  □ 

A  & 

A 

A 

- r 

> 

□ 

E> 

A 

1  1(1! 

I  111  .  _  1  1111 

Mil 

I 

1  1  Mini 

I0ir 

.o'* 

io'* 

IO*° 

l/«R  (cm-5) 


Fig.  111-11. 


Variation  of  effective  mass  (m*/m  )  with  n*  far  PbSe. 

o  // 


40 


Section  III 


against  n^_, ,  even  larger  increases  are  exhibited  by  p-type  samples  with  corresponding  concen¬ 
trations.  For  several  samples,  the  ratio'of  R^qq  to  ^77  *s  between  1.25  and  1.30.  Such  values 
are  probably  too  large  to  be  attributed  to  a  change  in  statistics  with  temperature,  particularly 
for  carrier  concentrations  exceeding  10  cm  .  Therefore,  it  is  believed  that  the  increases 

in  Hall  coefficient  result  from  the  thermal  transfer  of  holes  (or  electrons)  from  the  lowest  va- 

4 

lence  (or  conduction)  band  to  a  higher-lying  band,  as  in  the  case  of  p-type  PbTe.  The  decrease 
in  R300/R77  decreasing  n*^,  which  is  also  observed  for  p-type  PbTe,  is  consistent  with 
this  explanation.  For  sufficiently  low  values  of  n*?,  ^300^77  becomes  less  than  unity,  probably 
because  the  intrinsic  carrier  concentration  is  not  negligible  at  300°K. 

Measurements  of  infrared  reflectivity  as  a  function  of  wavelength  have  been  made  at  room 
temperature  on  a  number  of  p-type  samples  which  had  been  polished  and  etched.  Because  of  the 
free  carrier  contribution  to  the  electric  susceptibility,  the  reflectivity  exhibits  a  rather  deep 
minimum  previously  observed  for  n-type  samples.^  Values  of  the  susceptibility  effective  mass 
of  holes  and  electrons,  calculated  from  the  reflectivity  data  for  both  p-  and  n-type  samples  by 
the  method  of  Dixon  and  Riedl,  are  plotted  against  n^T  in  Fig.lII-11.  The  effective  mass  is  ap¬ 
parently  somewhat  higher  for  holes  than  for  electrons,  although  there  is  considerable  scatter  in 
the  data.  Effective  mass  values  calculated  from  the  thermoelectric  power  data  of  Fig.  Ill  —  9  on 
the  assumption  of  acoustic  lattice  scattering  and  a  4-ellipsoid  model  for  both  the  conduction  and 
valence  bands^  are  also  plotted  in  Fig.  Ill- 11.  These  values,  although  somewhat  too  low,  are  in 
reasonable  agreement  with  those  calculated  from  the  reflectivity  data  and  also  with  those  ob¬ 
tained  by  Walton  and  Moss  from  Faraday  rotation  experiments. 

A . J .  Strauss 


E.  ADSORPTION  ON  SPONTANEOUSLY  BENT  WAFERS  OF  III-V  COMPOUNDS 

3 

Because  of  the  elastic  strain  energy  (ESE)  associated  with  the  distortion  of  the  sp  bonds  of 

surface  atoms  in  the  A{lllj  planes,  {ill}  wafers  of  III-V  compounds  with  thicknesses  of  the 

order  of  10  microns  are  spontaneously  bent.  Radii  of  curvature  and  the  corresponding  values  of 

£ 

ESE  were  reported  previously  for  wafers  of  GaAs,  InAs,  GaSb,  and  InSb  in  air.  The  effect  of 
preferential  adsorption  on  the  bending  of  GaAs  and  InSb  has  been  studied  by  comparing  the  initial 
curvature  of  wafers  in  air  with  the  curvature  after  they  have  been  placed  in  an  evacuated  desic¬ 
cator,  exposed  to  either  NH^  or  H^S,  and  removed  for  measurement.  The  results  are  given  in 
Table  III  —  1 ,  where  the  thickness  (t),  radius  of  curvature  (R),  ESE,  and  relative  change  in  ESE 
are  tabulated.  For  both  GaAs  and  InSb,  the  ESE  is  decreased  by  adsorption  of  NH^  and  in¬ 


creased  by  adsorption  of  H^S. 


Mary  C.  Finn 


F.  SUPERCONDUCTIVITY  IN  THE  HIGH-PRESSURE  InSb-Sn  SYSTEM 

It  was  found  by  alloying  b.c.t.  0  -Sn  with  b.  c.  t.  InSb^  (Ref.  9)  that  the  superconducting  tran¬ 
sition  temperature  (TfJ  of  InSh^  is  markedly  increased  [from  2.1  (Ref.  10)  to  4.4°K],  as  shown 
in  Fig.  Ill- 12.  The  increase  in  Tc  of  pure  Sn  when  alloyed  with  InSb^  is  not  as  marked,  amount¬ 
ing  to  several  tenths  of  a  degree.  The  Tc's  of  alloys  of  intermediate  nominal  concentrations  are 
also  shown  in  Fig.  Ill- 12.  Some  samples  quenched  directly  from  the  melt  exhibited  somewhat 

higher  T  than  those  heat-treated  just  below  the  melting  point  before  quenching.  This  effect  is 

C  11 
the  same  as  the  "quench  effect"  reported  by  Merriam  and  Von  Herzen. 
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TABLE  lll-l 


EFFECT  OF  ADSORPTION  ON  BENDING  OF  {111}  WAFERS 


t 

R 

ESE 

A(ESE) 

Compound 

(microns) 

Ambient 

(cm) 

(ergs) 

(ESE)o 

Air 

6.0 

0.42 

GoAs 

11.2 

NH3 

6.7 

0.34 

-0.  19 

-3 

Air 

50 

2.4X  10 

InSb 

9.8 

NH3 

oO 

0 

-1.0 

Air 

10.7 

0.23 

GoAs 

13.5 

1 

H2S 

7.2 

0.51 

+1.22 

1 _ 

- . - - - j 

-4 

Air 

114 

6.3  X  10 

InSb 

11.0 

H.S 

39 

5. 4  X  10'3 

+0.89 

2 

Fig.  111-12.  Superconducting  tronsition  temperature  (T  )  vs  nominal  composition 
for  InSbj |-(p-Sn)  somples  prepared  ot  37  kbar.  x:  somples  quenched  directly 
from  the  melt  to  room  temperature,  o:  somples  annealed  at  300°C  far  ane  haur, 
ofter  melting  ond  before  quenching.  Dotted  lines  connect  values  of  T  for  two 
transitions  in  o  single  somple. 
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The  samples  were  prepared  by  pressing  mixtures  of  high-purity  InSb  and  tin  at  37kbar  in  a 
"belt"  high-pressure  unit  and  holding  them  at  this  pressure  and  at  450°  to  480°C  (well  above 
their  melting  point)  for  2  hours.  Then  the  samples  were  either  quenched  to  room  temperature 
or  annealed  for  one  hour  at  300°C,  below  the  melting  points  of  the  constituents  at  this  pressure. 
While  still  under  pressure,  the  samples  were  cooled  with  liquid  nitrogen  to  about  —  140°C,  where 
InSbjj  can  be  retained  indefinitely;  the  pressure  was  then  released. 

The  T  's  of  pure  InSbjj  and  pure  /3 -Sn  shown  in  Fig.  Ill- 12  were  obtained  with  samples  pre¬ 
pared  by  the  high-pressure  procedure  described.  In  all  cases,  T  was  determined  by  self- 

C  12 

inductance  techniques,  using  cylindrical  samples  about  0.2  inch  in  diameter  by  0.2  inch  long. 

Typical  data  for  T  determinations  are  shown  in  Fig.  Ill- 13. 

The  increase  in  T  at  the  terminal  compositions  is  consistent  with  the  empirical  formula 
C  13 

proposed  by  Seraphim,  Chiou,  and  Quinn  to  describe  such  variations  in  solid  solutions  based 

on  tin,  aluminum,  and  indium  with  solute  concentrations  up  to  about  10  percent.  Recent  calcula- 

14 

tions  by  Markowitz  and  Kadanoff  have  shown  that  the  T  should  vary  linearly  with  solute  con¬ 
centrations  in  the  "valence"  region,  i.e.,  beyond  the  very  dilute  regions  where  the  mean  free 
path  is  greater  than  the  coherence  length. 

Considering  the  superconducting  behavior  of  other  alloy  systems,  it  is  probable  that  the 
InSb^ -(/3  -Sn)  system  exhibits  terminal  solubilities,  with  a  2-phase  region  in  the  middle  portion 


T  (°K) 


Fig.  111-13.  Typical  curves  af  relative  change  in  frequency  vs  temperature  far 
I n Sb | |-((3-Sn)  samples.  Initial  frequency  in  normal  state  was  1005  ta  1105  cps; 
total  frequency  change  was  20  ta  55  cps.  Frequency  change  far  a  single  sharp 
transition  was  about  twice  the  total  change  far  twa  transitions  in  a  single  sample. 
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of  the  composition  range.  Some  samples,  both  quenched  and  annealed,  containing  20.  30.  and 

40  nominal  atomic  percent  0  -Sn  exhibited  two  distinct  superconducting  transitions,  as  indicated 

in  Fig.  111-13.  The  nature  of  the  phases  responsible  for  the  two  transitions  is  not  clear.  Simi- 

1 1 

lar  double  transitions  were  reported  in  the  In-Sn  system,  where  the  “quench  effect"  was  also 
observed  and  has  been  explained  on  the  basis  of  internal  strains.  Consistent  with  this  explana¬ 
tion,  the  "quench  effect"  in  the  systems  reported  previously  has  been  found  to  be  the  most  pro¬ 
nounced  in  the  alloys  falling  in  a  2 -phase  region  and  not  at  all  pronounced  in  the  pure  elements. 
In  the  present  case  also,  the  "quench  effect"  is  not  observed  near  the  terminal  compositions.  It 
thus  seems  likely  that  here,  too,  the  "quench  effect"  has  the  same  origin  as  in  the  In-Sn  system. 

It  appears  that  the  solubility  of /3-Sn  in  InSb^  is  2.5  to  5  percent  and  that  the  solubility  of 
InSbjj  in  ft  -Sn  is  about  35  percent.  It  is  of  interest  to  point  out  that  the  solubility  of  0  -Sn  in  nor¬ 
mal  InSb  (zinc-blende  structure)  is  less  than  0.5  percent,  and  that  of  normal  InSb  in  tin  is  about 
1 5 

8  percent.  Although  there  seems  to  be  an  appreciable  increase  in  solubilities  by  transforming 
InSb  into  its  high-pressure  phase,  it  is  still  surprising  that  InSb^  and  fi  -Sn  are  not  completely 
soluble;  not  only  do  they  have  the  same  structure,  but  their  lattice  constants  are  also  very  sim¬ 


ilar  [InSb^:  a  5.79,  c  3. 15  A  (Ref.  16);  Sn:  a  5.819,  c  3. 175  A],  The  application  of  x-ray 
diffraction  for  the  conclusive  determination  of  the  InSb^ -(/3  -Sn)  phase  diagram  is  extremely  dif¬ 
ficult  in  view  of  the  structural  similarities  of  the  two  constituents  and  the  inherent  strain  of 
lnSbTT  retained  at  low  temperatures.^ 


II 


M.  D.  Banus 
Susan  D.  Nye 


G.  CHEMICAL  ANALYSIS  OF  HgS-HgSe  ALLOYS 

An  analytical  procedure  is  being  developed  to  determine  the  three  major  constituents  of 

HgS-HgSe  alloys.  The  EDTA  titration  described  previously^  can  be  used  to  determine  mercury, 

if  the  sample  is  dissolved  under  reflux  to  prevent  loss  of  mercury.  Selenium  is  determined  by 

1 8 

a  potentiometric  titration  after  the  chloride  ion  is  removed  by  volatilization. 

Methods  of  sulfur  determination  are  currently  under  investigation.  A  method  described  by 
19 

Sporek,  in  which  PbSO^  is  precipitated,  dissolved  in  excess  EDTA,  and  back-titrated  with 
standard  zinc  solution,  was  found  to  be  unsatisfactory.  The  gravimetric  BaSO^  procedure  gives 
results  accurate  to  about  2  percent  in  the  presence  of  selenium.  Analyses  accurate  to  within 
1  to  2  percent  have  been  obtained  with  an  amperometric  method^  based  on  the  titration  of  the 
sulfate  with  a  lead  solution.  Preliminary  experiments  indicate  the  feasibility  of  removing  mer¬ 
cury  and  selenium  by  controlled  potential  electrolysis  prior  to  the  sulfur  determination.  In  any 
event,  since  sulfur  is  the  minor  constituent  in  the  alloys  to  be  analyzed,  it  is  not  necessary  for 
the  sulfur  analysis  to  be  so  accurate  as  the  analyses  for  mercury  and  selenium. 

M.  C.  Gardels 
J .  C.  Cornwell 
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IV.  BAND  STRUCTURE  AND  SPECTROSCOPY  OF  SOLIDS 


A.  BAND-EDGE  STRUCTURE  OF  PbS,  PbSe,  AND  PbTe 

A  pseudopotential  calculation  has  shown  that  both  the  conduction  and  valence  band  extrema 
for  PbS,  PbSe,  and  PbTe  are  likely  to  occur  at  the  L-point  (111  edge)  of  the  Brillouin  zone. 

Three  valence  bands  and  three  conduction  bands  have  been  predicted  to  lie  near  the  forbidden 
gap.  These  bands  interact  strongly  with  one  another  and  are  well  isolated  in  energy  from  other 
bands  at  L.  The  forms  of  the  dispersion  relations  E(k  )  for  these  bands,  as  determined  by 
symmetry  and  by  k  ■  P  perturbation  theory,  depend  strongly  on  their  order  and  spacing.  The 
conduction  and  valence  band  extrema  may  be  either  anisotropic,  with  small,  highly  concentration- 
dependent  transverse  masses,  as  found  in  PbTe,  or  more  nearly  isotropic,  as  found  in  PbS  and 
PbSe.  The  theoretical  variation  with  carrier  concentration  of  the  cyclotron  effective  masses 
and  extremal  cross-sectional  areas  of  the  Fermi  surface  have  been  derived  from  k  •  P  perturba¬ 
tion  theory,  for  models  of  the  band  structures  in  these  compounds.  Good  agreement  with  ex¬ 
periment  can  be  obtained  by  varying,  from  compound  to  compound,  the  order  and  spacing  of  the 
six  bands  at  L.  The  phenomenological  momentum  matrix  elements  obtained  by  comparison  with 
experiment  are  in  reasonable  agreement  with  those  calculated  from  the  eigenfunctions  of  the 
pseudopotential.  Formulas  for  the  g-tensors  for  models  of  the  band  structure  at  L  in  PbS, 

PbSe,  and  PbTe  have  also  been  obtained  and  compared  with  available  experimental  data.  The 
possibility  of  conduction  and  valence  band  extrema  located  at  other  points  in  the  Brillouin  zone 
is  considered.  This  work  is  being  prepared  for  publication. 

J .  O.  Dimmock 
G .  B.  Wright 

B.  MAGNETOREFLECTION  EXPERIMENTS  IN  PYROLYTIC  GRAPHITE* 

The  previously  reported  magnetoreflection  measurements  on  pyrolytic  graphite  have  been 
extended  to  magnetic  fields  up  to  llOkgauss.  By  using  higher  magnetic  fields  on  a  sample  of 
higher  crystalline  perfection,  we  have  been  able  to  extend  the  observation  of  interband  transi¬ 
tions  up  to  photon  energies  of  ~0.5ev.  In  the  photon  energy  range  fioo  <  0.2  ev,  interband  transi¬ 
tions  have  been  observed  for  the  first  time  at  room  temperature.  For  very  low  photon  energies, 
the  higher  magnetic  fields  have  made  possible  the  observation  of  several  new  transitions  with 
behavior  comparable  to  the  so-called  "quantum  effects"  observed  in  the  millimeter  cyclotron 
resonance  experiments  in  semiconductors.^ 

Mildred  S.  Dresselhaus 
J .  G .  Mavroides 

C.  QUANTUM  THEORY  OF  THE  INTERBAND  FARADAY  AND  VOIGT  EFFECTS 

2 

The  quantum-mechanical  analysis  of  the  Voigt  effect  previously  reported  has  been  modified 
to  take  account  of  second -order  terms  in  the  magnetic  field  in  the  P+  and  P  matrix  elements. 


*  Measurements  carried  out  at  the  National  Magnet  Laboratory,  M.I.T. 
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which  are  not  canceled  out  by  the  PZ  terms.  The  ansatz  that  the  oscillator  strength  for  the  "z" 

transitions  is  equal  to  an  oscillator  strength,  suitably  averaged,  for  the  "±n  transitions  leads, 

in  a  natural  way,  to  a  relation  between  the  matrix  elements  consistent  with  the  theoretical  work 

of  Bur  stein,  etal.  and  also  gives  a  result  in  the  long-wavelength  region  that  is  identical  in  form 

4 

to  that  of  the  semiclassical  analysis  of  Kolodziejczak,  Lax,  and  Nishina.  The  choice  of  relation 

between  matrix  elements  affects  only  the  long-wavelength  limit.  The  terms  in  question  do  not 

give  rise  to  singularities,  and  hence  the  line  shapes  in  the  vicinity  of  a  Landau  level  remain  the 

same  as  for  the  original  analysis.  T  TT  . 

J  J.  Halpern 

B.  Lax 


D.  INDIRECT  INTERBAND  TRANSITION  IN  GERMANIUM* 

A  study  is  being  made  at  1.5°K  of  the  interband  magneto-optical  absorption  of  the  indirect 

transition  in  germanium.  The  data  were  taken  in  the  Faraday  configuration  (magnetic  field 

parallel  to  the  direction  of  propagation),  using  samples  with  impurity  concentrations  on  the  order 
13  -3 

of  10  cm  .  At  74kgauss,  as  many  as  18  distinct  transitions  between  Landau  levels  were  ob¬ 
served,  some  of  which  had  structure  which  will  be  further  investigated.  At  approximately 
50kgauss,  the  transition  energy  began  to  rise  quadratically  with  the  magnetic  field.  Preliminary 
data  have  also  been  taken  on  the  indirect  exciton,  in  order  to  study  its  fine  structure  more 

closely.  j  Halpern 

B.  Lax 


E.  EFFECTS  OF  UNIAXIAL  STRESS  ON  THE  INFRARED 

ABSORPTION  OF  SULFUR-DOPED  SILICON 

5 

The  absorption  spectrum  of  sulfur  impurities  in  silicon  has  been  previously  reported.  The 
effects  of  uniaxial  stress  on  these  absorption  lines  are  now  being  studied.  Shifts  in  the  energies, 
splittings,  and  polarization  effects  due  to  the  applied  stress  have  been  observed  in  the  absorption 
lines  attributed  to  states  which,  in  the  effective  mass  approximation,  are  excited  ls-like  states 
of  the  impurities.  Shifts  in  the  energies  of  the  transitions  to  the  p-like  states  have  also  been 
observed.  It  is  expected  that  these  stress  measurements  will  help  to  clarify  the  nature  of  many 
of  the  transitions  which  have  been  observed.  Observations  of  these  transitions  are  continuing 
but,  because  in  many  cases  the  character  of  the  shift  at  low  strain  is  important,  it  will  be  nec¬ 
essary  to  install  a  more  sensitive  detector  in  our  spectrometer. 

W.  E.  Krag 
H.  J.  Zeiger 
W.  H .  Kleiner 

F.  DERIVATION  AND  PROPERTIES  OF  GENERALIZED  MASTER  EQUATIONS 

We  have  derived  generalized  master  equations  for  an  arbitrary  system  with  a  Hamiltonian 
H  =  Hq  +  V  for  both  the  diagonal  and  off-diagonal  elements  of  the  density  operator  p  in  the  un¬ 
perturbed  representation  |  ay.  For  the  diagonal  elements  <(a|p|c*)>  e  f  ,  these  have  the  form 
(for  t  >  0) 


*  Measurements  carried  out  at  the  National  Magnet  Laboratory,  M.I.T. 
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where 


^  fa(t> 


V  {w  ,(t  -  r)  f  ,(t)  -  w  ,(t  —  t)  f  (r)}  +  F  (t) 
L-j  L  aa'  a  aa'  a  J  a 

a  ’ 


(1) 


WQQ,(t)  =  -Tr{|  a>  <a  I  0  e'1  1  0  |  a  '>  (a 1 1 } 

Fa(t)  = -i  <a  |  0e_i^  J”p(0)  |  a> 


Hand  U  stand  for  the  Liouville  operators  corresponding  to  H  and  V,  defined  by  Hp  _  [H,p].  IP* 
is  a  projection  operator  defined  by:  (a  |  $  Tp  |  a ')>  =  ( 1  —  6^^,)  P^q,!-  The  off-diagonal  elements 
a)  satisfy  an  analogous  equation. 

The  derivation  of  Eq.  (1);  which  will  be  published  elsewhere,  is  simple  and  makes  essential 
use  of  the  algebra  of  Liouville  operators. 

The  compact  form  of  w^a,(t)  has  allowed  us  to  establish  its  physical  significance,  by  re¬ 
lating  it  to  the  transition  probability  rate 

saaiW  =  -ft  l<«IO|2  when  1 1  =  0>  =  |  a ’>  . 

Explicitly,  for  the  Fourier  transforms  of  the  matrices  w  ,(t),  S  ,(t),  where 
r  j  >  aa'  aa ' 


w(z)  -  1  dt  e^ztw(t)  (Im  z  >  e  >  0) 

^o 

and  similarly  for  S(z),  we  have  found  the  interesting  relation: 

^  =  S(z)  [1  +  S(z) ]” 1  . 

This  allows  us  to  use  all  the  results  of  scattering  theory  in  the  theory  of  the  master  equations. 
The  method  of  derivation  of  these  results  is  easily  applicable  to  more  general  situations. 

P.  N.  Argyres 


G.  THEORY  OF  TRANSPORT  EQUATIONS  IN  INHOMOGENEOUS  DRIVING  FIELDS 

A  direct  and  rigorous  method  has  been  devised  for  deriving  transport  equations  for  electrons 
in  semiconductors  and  metals  in  the  presence  of  inhomogeneous  and  time-varying  fields  of  force. 
Scattering  by  static  impurities  has  been  considered  in  detail  for  free,  Landau,  and  Block  elec¬ 
trons.  Formal  transport  equations  valid  for  arbitrary  strength  of  the  electron-impurity  inter¬ 
action  and  for  arbitrary  space-time  variation  of  the  driving  field  have  been  derived.  These  are 
non-Markoffian  equations  which  allow  for  memory  effects  and  describe,  without  any  assumptions, 
the  interference  effects  between  the  driving  field  and  the  scattering.  A  systematic  expansion  of 
the  formal  scattering  operator,  which  is  valid  for  arbitrary  strength  of  the  electron-impurity 
interaction,  has  been  carried  out  for  small  interaction.  The  conditions  under  which  such  an 
expansion  is  valid  have  been  deduced.  This  expansion  makes  essential  use  of  the  resolvent 
operator.  The  physical  meaning  of  the  various  terms  of  the  collision  operator  has  been  uncovered 
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in  a  general  and  simple  way.  The  usual  Boltzmann  equation  is  discussed  and  its  limitations 


pointed  out. 


P.  N.  Argyres 


H.  TRANSPORT  PROPERTIES  OF  BISMUTH 

The  transport  theory  previously  developed^  for  anisotropic  materials  has  been  applied  to 
the  Jones-Shoenberg  model  for  bismuth.  According  to  this  model,  the  conduction  band  exhibits 
three  or  six  half -ellipsoids  lying  along  the  threefold  binary  axes,  and  tilted  out  of  the  trigonal 
plane.  The  conduction  band  contains  one  or  two  half-ellipsoids  lying  along  the  trigonal  axis. 

The  first  step  in  the  procedure  consists  in  correcting  for  the  tilt  of  the  conduction  band 
ellipsoids  by  carrying  out  a  similarity  transformation  on  the  various  galvano-thermomagnetic 
(GTM)  tensors.  The  second  step  consists  in  expressing  all  GTM  properties  associated  with  a 
given  ellipsoid  in  terms  of  the  common-crystal-symmetry  coordinate  system.  Again,  this  is 
done  by  carrying  out  appropriate  similarity  transformations  on  the  various  GTM  tensors.  The 
results  were  found  to  be  extremely  unwieldy,  and  it  was  advisable  to  specialize  by  considering 
when  the  magnetic  field  lies  along  one  of  the  crystal-symmetry  axes,  and  by  going  to  the  low- 
and  high-field  limiting  cases.  Advantage  was  also  taken  of  the  fact  that  in  bismuth  the  mobility 
of  electrons  along  the  bisectrix  direction  is  negligible  compared  with  those  along  the  binary 
axis,  whereas  the  two  mobilities  are  equal  for  holes  in  the  valence  band.  On  carrying  through 
the  necessary  mathematical  manipulations,  one  arrives  at  a  set  of  GTM  tensors.  These  are 
listed  in  a  preprint. 

The  theoretical  predictions  are  in  excellent  agreement  with  experimental  data.  In  the  limit 

2 

of  weak  fields  (excluding  terms  of  order  H  or  higher),  the  theory  specifies  two  independent 
(zero-field)  resistivities,  two  Seebeck  (zero  field),  two  Hall,  and  three  Nernst  coefficients.  In 
the  limit  of  strong  magnetic  fields  aligned  with  the  symmetry  axes,  the  theory  predicts  three 
longitudinal,  four  transverse,  and  two  off-diagonal  resistivities;  three  Hall  and  one  planar  Hall 
coefficients;  three  longitudinal,  five  transverse,  and  three  off-diagonal  Seebeck  coefficients; 
four  Nernst  and  two  planar  Nernst  coefficients. 


T.  C .  Harman 
J .  M.  Honig 
Bette  M.  Tar  my 


I.  THEORY  OF  THE  INFINITE-STAGE  NERNST -ETTINGSHAUSEN  REFRIGERATOR 

In  connection  with  the  experiments  currently  in  progress  (Sec.  IV-J),  the  theory  for  an 
infinite-stage  Nernst-Ettingshausen  refrigerator  was  developed.  Such  a  device  can  be  con¬ 
structed  by  proper  shaping  of  the  device  arm.  By  adapting  the  previous  theory  concerning  the 


[3-SS-30S?! 


Fig.  IV— 1  •  Shoped  sample,  equivalent  to  infinite 
stage  coscode,  far  use  os  Nernst-Ettingshousen  re¬ 
frigerator.  Direction  of  current  flow  I,  mognetic 
field  H,ond  temperoture  gradient  VT  ore  indicoted. 
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operating  characteristics  of  parallelepiped-shaped  samples  to  the  present  case,  and  utilizing 

g 

the  theory  first  developed  by  Rittner,  it  can  be  shown  that  the  sample  depicted  in  Fig.  IV- 1  must 
be  shaped  according  to  the  requirement 

z(x)/z(0)  =  [z(Lx)/z(0)]x/Lx  . 

The  temperatures  at  the  cold  and  hot  junctions  and  To  obey  the  relation 
z(Lx)/z(0)  =  (Tl/To)(1+6)/(1'6) 

where  6  =  \fi  —  ZT,  T  =  (Tt  +  T  )/2,  and  Z  is  the  figure  of  merit  appropriate  to  Nernst- 

i — j  o  ^ 

Ettingshausen  energy  conversion  devices.  It  follows  from  the  theory  that,  if  z(Lx)/z(0)  »  1, 
for  any  particular  hot -junction  temperature  Tj.  ,  the  cold  junction  would  be  cooled  to  very  near 
absolute  zero  for  any  nonzero  value  of  Z,  providing  that  the  sample  shape  follows  the  form 
prescribed  above. 


10* 


Fig.  IV-2.  Geometry  ratio  z(lx)/z(0)  vs  To  ^ 
for  ZT  =  0.  5  (curve  A)  ond  ZT  =  0.  7  (curve  d 
B),  ossuming  hot-junction  temperoture  T.  of 
290° K.  L 


I01 


The  cold-junction  temperatures  predicted  for  given  ratios  of  z(L  )/z(0)  and  for  ZT  values 

2  ^ 

of  0.5  and  0.7  are  depicted  in  Fig.  IV-2.  A  z(L  )/z(0)  ratio  of  10  is  considered  practical,  where - 
7  x 

as  the  value  of  10  is  considered  impractical.  With  a  hot-junction  temperature  of  290°K,  cold- 
junction  temperatures  between  60°  and  100°K  should  ultimately  be  reached. 

Experiments  testing  the  theory  are  currently  in  progress. 

T.  C.  Harman 


J.  EXPERIMENTS  ON  ROOM  TEMPERATURE 
NERNST-ETTINGSHAUSEN  REFRIGERATORS* 

9 

Unusually  large  crystals  of  bismuth  were  prepared  as  described  elsewhere  and  cut  into  the 

1 0 

desired  shapes  by  use  of  a  spark-erosion  cutter.  The  sample  was  mounted  in  a  specially  de¬ 
signed  holder  through  which  water  was  circulated  to  keep  one  face  of  the  bismuth  crystal  at  nearly 
constant  temperature  throughout  the  experiments.  The  assembly  was  placed  in  an  electromagnet, 

*  Measurements  carried  out  at  the  National  Magnet  Laboratory,  M.I.T. 
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Fig.  IV— 3.  Plats  af  number  af  degrees  af  coaling  obtained  with  A  T  vs  electrical  current 
flaw  1^  through  device  at  =*  90  kgauss  for  parallelepiped-shaped  elements. 


Fig.  IV-4.  Experimental  curves  af  A  T  vs  ly  far  various  magnetic  field  strengths 
for  shape  ratio  af  12  and  hot-junction  temperature  of  277.  4°K. 
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so  that  the  magnetic  field  pointed  along  the  bisectrix  axis;  current  was  then  passed  through  the 
sample  along  its  trigonal  crystal  axis,  and  the  resulting  temperature  difference  across  the  sample 
along  the  binary  axis  was  monitored  by  means  of  thermocouples. 

Curves  depicting  the  cooling  achieved  with  different  parallelepiped-shaped  samples  for  var¬ 
ious  electric  currents  are  shown  in  Fig.IV-3.  The  optimal  temperature  difference  and  as¬ 
sociated  electric  currents  are  in  reasonably  satisfactory  agreement  with  theoretical  predictions; 
discrepancies  are  principally  due  to  the  voltage  short-circuiting  effects  in  the  vicinity  of  the 
electrical  junctions. 

Temperature  differences  obtained  with  an  exponentially  shaped  sample  (Fig.lV-1),  which 
is  equivalent  to  an  infinite  stage,  are  shown  in  Fig.IV-4.  The  largest  observed  temperature 
difference  was  76°  at  a  current  of  approximately  70  amp  in  a  magnetic  field  of  approximately 
86kgauss;  the  predicted  value  was  67°  for  a  shape  ratio  (Sec.lV-I)  z(Lx)/z(0)  «  12.  The  greater 
cooling,  compared  with  that  predicted  theoretically,  is  attributed  to  the  fact  that  the  temperature 
dependence  of  the  transport  properties  have  not  been  taken  into  account  in  the  theory.  It  is 
noteworthy  that  the  steady-state  temperature  at  each  value  of  the  magnetic  field  was  reached 
within  a  few  seconds  after  turning  on  the  current.  Furthermore,  on  imposing  a  heat  load  on  the 
hot  junction  by  operating  in  air  rather  than  in  vacuum,  the  temperature  difference  between  the 
hot  and  cold  junctions  was  reduced  by  only  a  few  degrees. 

Further  experiments  are  in  progress. 

T.  C.  Harman  A.  E.  Paladino 
J.  M.  Honig  M.  Jane  Button 

S.  Fischler 
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V.  MAGNETISM  AND  RESONANCE 


A.  SAMPLE  PREPARATION 

1.  Single-Crystal  Growth  from  Polytungstate  Fluxes 

Recent  advances  in  the  theoretical  understanding  and  experimental  interest  of  pure  ferrite, 
ehromite,  and  vanadite  powdered  samples  has  created  a  need  for  single  crystals  of  these  ma¬ 
terials.  Each  of  the  series  of  compounds  mentioned  has  a  unique  set  of  problems  related  to 
crystal  growth,  which  differ  widely  from  one  series  to  another.  Growth  of  stoichiometric  ferrite 
crystals  is  difficult,  because  the  melting  points  of  these  compounds  are  higher  than  the  dissocia¬ 
tion  temperature  of  ferric  oxide  in  oxygen  at  atmospheric  pressure.  The  chromite  series  of 
compounds,  although  usually  quite  stable,  has  extremely  high  melting  points  (approximately 
2000 °C  and  greater),  thus  creating  the  problem  of  finding  a  container  that  is  both  inert  and 
capable  of  withstanding  such  temperatures.  The  vanadite  series  requires  that  the  vanadium  be 
in  a  lower-than-nor mal  valenee  state,  necessitating  an  atmosphere  such  as  CO/CO^  to  maintain 
stoichiometry.  In  addition,  there  is  considerable  doubt  as  to  the  stability  of  vanadites  at  the 

\ 

elevated  temperatures  that  would  be  required  in  a  direet  (fused  melt)  synthesis  of  single  crystals . 

2  3  4 

Ferrites  have  been  successfully  grown  from  molten  borax,  lead  oxide,  sodium  carbonate, 

sodium  ferrite,^  and  ferrite  melts  under  high  oxygen  pressure f*  Little  or  no  work  has  been  per¬ 
formed  on  the  single -crystal  synthesis  of  chromites  or  vanadites.  We  have  found  that  manganese 
chromite  (MnCr^O^)  can  be  melted  at  2000  °C  in  an  iridium  crucible  with  RF  heating;  the  stoi¬ 
chiometry  is  maintained  by  use  of  an  argon-hydrogen-water-vapor  atmosphere.  The  oxygen 
partial  pressure  of  this  system  relies  on  the  equilibrium  between  the  decomposition  of  water 
vapor  in  the  presence  of  excess  hydrogen.  A  direct  synthesis  of  MnCr^O^  single  crystals  via 
this  technique  is  in  progress.  It  is  doubtful  that  any  members  other  than  MnCr^O^  and  the 
alkaline-earth  chromites  ean  be  produeed  by  a  direet  fusion  of  the  compound. 

To  eireumvent  all  the  difficulties  previously  described,  an  extremely  versatile  flux  system 
has  been  developed  which  yields  predictable  results.  Usually,  an  adequate  flux  system  for  the 
growth  of  a  particular  species  of  crystals  is  found  by  trial  and  error,  and  the  conditions  for 
erystal  growth  are  unique  for  each  system.  The  inability  to  utilize  the  flux  for  other  systems 
ean  generally  be  traced  to  ignorance  concerning  the  solution  process.  The  flux  system  described 
below  differs  from  the  usual  in  that  the  solution  process  is  known,  and  predictable  results,  based 
on  thermodynamie  calculations,  can  be  made  with  good  accuracy. 

Fundamentally,  the  flux  system  can  be  described  in  terms  of  the  Lewis  acid-base  theory  in 
that  the  basic  oxides  (transition  metal  oxides)  are  dissolved  by  a  strong  Lewis  acid  (WO^)  and 
then  reprecipitated  by  a  strong  Lewis  base  (Na^WO^).  This  process  of  solution  and  precipitation 
is  earried  out  by  the  equilibrium  reaction 

Na2W2°7  ^  Na2W°4  +  W°3  *  U) 

Sodium  pyrotungstate  (Na^W^O^)  is  a  relatively  stable  compound  at  lower  temperatures,  dis¬ 
sociating  only  slightly  into  the  aeid-base  components.  As  the  temperature  increases,  the 
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POL V TUNGSTATE  PHASE 
OF  Co  AND  Cf  +  SPINEL 
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Fig.  V-l.  Partial  phase  diagram  far  system  CaCr^D ^-Na^N 
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Fig.  V-2.  Cutaway  view  of  assembled  cell. 
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equilibrium  is  shifted  rapidly  toward  the  right  as  described  by  Eq.  (1).  Consequently,  as  the 
temperature  increases,  more  acid  is  produced  to  dissolve  the  spinel;  the  process  reverses  as 
the  temperature  decreases.  The  melting  points  of  sodium  pyrotungstate-tungstate  melts  are 
quite  low  (500°  to  800 °C),  permitting  the  use  of  comparatively  low  operating  temperatures  for 
single-crystal  synthesis. 

Figure  V-l  shows  the  phases  that  appear  in  the  CoCr^O^-Na^W^O-,  system  as  determined 
by  the  x-ray  analysis  of  fused  samples.  The  exact  position  of  the  indicated  phase  boundary  has 
not  yet  been  determined,  and  that  which  is  represented  is  a  proposed  boundary. 

To  date,  it  has  been  found  that  CoCr^O^,  CoFe^O^,  CoV^O^,  ZnCr^O^,  MnCr^O^  all  crys¬ 
tallize  from  this  flux  system.  The  system  also  appears  to  be  adaptable  to  electrolytic  growth 
of  material  that  possesses  reduced  valences.  This  possibility  is  presently  under  investigation. 

W.  Kunnmann  A.  Ferretti 

R.  Arnott  D.  B.  Rogers 


2.  A  Ceramic  Double  Cell  for  Crystal  Growth 
by  Fused  Salt  Electrolysis 

Under  conditions  of  low  current  density,  it  is  often  possible  to  maintain  stepwise  valence 
changes  leading  to  an  insoluble  product  that  is  slowly  precipitated  at  the  electrode.  This  situa¬ 
tion  is  well  adapted  to  the  growth  of  many  types  of  single  crystals  that  contain  cations  with  mul¬ 
tifile  possible  valences.  For  example,  good  yields  of  MoO^  single  crystals  have  been  obtained 
by  electrolytic  reduction  from  a  flux  of  Na^Mo^O-,  at  temperatures  greater  than  600 °C.  An 
inherent  difficulty  of  crystal  growth  by  the  electrolytic  technique  occurs  where  multivalence 
changes  of  partially  soluble  products  are  involved.  Under  the  required  conditions  of  a  low  cur¬ 
rent  density,  electrical  reaction  between  the  redox  products  and  the  electrodes  can  occur  in  an 
opposite  direction  to  that  desired.  This  cyclic  process  leads  to  low  yields  and  poor  crystal 
formation.  We  have  found  that  this  difficulty  is  easily  precluded  by  the  use  of  a  ceramic  double 
cell.  The  essential  advantage  of  such  an  arrangement  lies  in  the  fact  that  good  physical  separa¬ 
tion  of  the  redox  product  and  of  any  intermediate  phase  from  the  vicinity  of  the  opposite  electrode 
is  maintained. 

The  essential  features  of  the  double  cell  are  shown  in  Fig.  V-2.  The  cell  consists  primarily 
of  two  close-fitting,  concentric  crucibles  of  "recrystallized "  alumina.  The  inner  crucible  has 
a  0.010-  by  0.5-inch  slit  cut  through  the  bottom.  The  side  and  bottom  edges  of  this  crucible  have 
also  been  cut  to  accommodate,  with  minimum  clearance,'  a  5/l5-inch  o.d.  heavy-wall  alumina 
tube.  This  tube,  extending  from  the  bottom  of  the  outer  crucible  to  the  top  edge  of  the  inner 
crucible,  serves  as  an  insulator  for  a  platinum  lead  wire  that  is  attached  to  the  cell  cathode  at 
the  bottom  of  the  outer  crucible.  The  cell  anode  is  in  the  form  of  a  platinum  strip  that  extends 
from  a  platinum  cover  into  the  inner  crucible.  A  platinum  wire  connects  the  cell  cover  to  an 
appropriate  power  supply. 

Efficiency  of  the  double  cell  is  high  and  satisfactory  operation  can  be  maintained  when  1.68  x 
-4 

10  (or  more)  equivalents  per  hour  are  generated  in  the  reaction  chambers.  Crystal  growth  is 
often  initiated  under  these  conditions.  We  have  obtained  single  crystals  of  several  transition- 
metal  reduced  oxides  and  "mixed”  oxides  by  utilizing  this  technique.  A  typical  example  is  the 
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growth  of  Na-Mo  bronzes  (Na  Mo/O  ).  This  process  depends  on  the  stepwise  reduction  at 

X  O  lo“X 

the  cathode  of  Mo  to  a  lower  valence  state  with  the  corresponding  formation  of  the  insoluble 
bronze.  Each  half  of  the  double  cell  is  filled  with  this  material  and  the  cell  is  placed  in  the 
constant-temperature  portion  of  a  suitable  furnace.  The  furnace  temperature  is  raised  slowly 
to  550°C  and  electrolysis  of  the  fused  flux  is  begun. 

In  general,  carrying  out  the  electrolysis  over  a  one -week  period  at  a  current  density  of 

_  \ 

20  ma  cm  per  number  of  electrons  transferred  is  a  reasonable  compromise  for  the  rate  of 
production  consistent  with  good  crystal  growth  and  stoichiometry. 

W.  Kunnmann 
A.  Ferretti 


3.  Compounds  with  B31  r  B8^  Transitions 

In  order  to  test  the  hypothesis  that  the  spin  correlations  among  narrow-band  electrons  can 
be  extrapolated  from  superexchange  theory  for  the  spin  correlations  among  localized  electrons, 
studies  of  a  number  of  compounds  with  B31  structure  have  been  undertaken.  The  orthorhombic 
B31  structure  is  a  distortion  of  the  hexagonal  B8^  structure  of  NiAs.  The  distortion  is  caused 
by  a  displacement  toward  one  another  in  the  basal  plane  of  the  two  body-centered-orthorhombic 

g 

cation  subarrays  of  the  NiAs  structure.  It  has  been  suggested  that  this  distortion  reflects 
metal-metal  bonding  between  near  neighbors  in  the  basal  plane  of  the  B31  structure,  and  that 
B31  ^  B8^  crystallographic  transitions  should  occur  below  the  melting  point  in  some  systems. 

The  compound  MnAs  is  peculiar  in  that  it  exhibits  two  transitions:  B8^  ^  B31  ^  B8 ^  at  about 
313°  and  400 °K,  respectively.  The  low-temperature  transition  coincides  with  a  Curie  tempera¬ 
ture,  which  suggests  that  magnetic  energy  is  responsible  for  restabilizing  the  B8 ^  phase  at  the 
lower  temperatures.  The  first-order  phase  change  at  the  Curie  temperature  has  been  inter- 

9 

preted  by  Bean  and  Rodbell  to  reflect  a  temperature-dependent  exchange  interaction  in  a  ma¬ 
terial  with  large  thermal-expansion  coefficient.  An  alternate  explanation,  however,  is  that  the 
first-order  phase  change  at  the  Curie  temperature  reflects  a  partial  quenching  of  the  spin.  Par¬ 
tial  spin  quenching  is  possible  if  a  narrow  d-electron  band  of  /3-spin  overlaps  the  upper,  occupied 
d-electron  levels  of  a -spin.  In  MnAs,  the  c-axis-directed  d-orbitals  should  form  a  band  of 
collective-electron  states. 

In  order  to  distinguish  between  these  two  interpretations  of  MnAs,  a  study  of  the  systems 
MnP-MnAs  and  MnAs-MnSb  has  been  initiated.  If  partial  spin  quenching  is  responsible  for  the 
properties  of  MnAs,  substitutions  of  phosphorus  for  arsenic,  which  decrease  the  cell  size  and 
therefore  increase  the  ligand-field  splittings,  will  enhance  the  spin  quenching,  whereas  substi¬ 
tutions  of  antimony  for  arsenic  will  reduce  and  ultimately  eliminate  spin  quenching. 

Preliminary  experiments  indicate:  (a)  The  first-order  phase  change  at  the  Curie  tempera¬ 
ture  of  MnAs  occurs  at  313  °K  if  there  is  a  slight  excess  of  manganese,  but  is  reduced  to  between 
290°  and  305 °K  in  a  slight  (<  1  percent)  excess  of  arsenic;  the  temperature  range  for  the  transi¬ 
tion  apparently  reflects  small  chemical  inhomogeneities  in  the  powdered  sample.  This  suggests 
that  the  B8^  it  B31  transition  is  unusually  sensitive  to  small  variations  in  manganese  (perhaps 
small  variations  in  interstitial  manganese),  (b)  Upon  replacing  5  atomic  percent  of  the  arsenic 
by  phosphorus,  there  is  only  one  transition,  which  appears  to  be  B31  it  B8  ;  the  low-temperature 
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phase  appears  at  about  275°K  and  is  definitely  established  below  255°K.  By  10  atomic  percent 
phosphor,  the  low-temperature  phase  is  established  below  390°K.  (c)  Preliminary  magnetic 

measurements  on  a  powder  sample  of  MnAs^  ^  showed  that  saturation  was  not  achieved  in 
fields  as  high  as  17,000  0c,  which  is  indicative  of  extremely  high  anisotropy.  The  Curie  temper¬ 
ature  is  Tc  ~  230°  to  240°K,  which  is  well  below  the  crystallographic  transition.  Although  it 
is  dangerous  to  make  conclusions  about  the  magnitude  of  the  atomic  moment  from  unsaturated 
magnetization  measurements,  the  results  are  compatible  with  considerable  spin  quenching  in 

MnAs0.9F  o  r  J .  B.  Goodenough 

D.  H.  Ridgley 
W.  A.  Newman 

B.  MEASUREMENTS 

1.  Antiferromagnetic  Resonance  in  YCrO^ 

Zero-field  AFMR  measurements  as  a  function  of  temperature  were  made  on  powdered  YCrO^ 
samples/'  Measured  zero-field  resonance  frequency  vs  temperature,  together  with  a  Brillouin 
function  curve  for  S  =  3/2,  is  shown  in  Fig.  V-3.  The  spectrometer  operated  from  8-  to  1.6-mm 
wavelength,  using  third -harmonic  power  generated  by  a  crystal  frequency  multiplier  for  the 
shorter  wavelengths.  Extrapolation  of  the  data  to  zero  temperature  gave  a  critical  resonant 
frequency  of  198kMeps  for  the  sample.  A  N6el  temperature  of  129°K,  determined  by  extrap¬ 
olating  the  resonant  frequency  to  zero,  was  in  good  agreement  with  the  temperature  observed 
for  the  disappearance  of  the  paramagnetic  resonance  with  decreasing  temperature. 

J.  J.  Stickler 


2.  Superconductivity 

a.  Apparatus 

An  article  entitled  "Variable  Temperature  Cryogenic  Chamber"  has  been  prepared  for  sub¬ 
mission  to  the  Review  of  Scientific  Instruments.  The  chamber  described  has  been  used  in  this 
laboratory  in  experiments  in  which  the  resistive  transition  of  superconducting  niobium  was 
measured,  as  described  in  earlier  Solid  State  Research  reports.  The  abstract  of  the  article 
follows. 


A  sample  chamber  is  described  which  provides  continuously  variable 
temperatures  from  the  liquid  helium  range  to  room  temperature  and  can 
be  used  with  superconducting  solenoids  or  with  conventional  magnets. 

It  should  be  most  useful  where  low  temperatures  must  be  maintained 
despite  substantial  heat  dissipation  in  the  sample.  Relatively  rapid 
variations  of  temperature  are  possible.  The  present  system  is  designed 
for  precision  of  about  ±0.1°K,  but  greater  precision  should  be  possible 
if  required. 


E.  S.  Rosenblum 

S.  H .  Autler 

K.H.  Gooen  (National 

Magnet  Laboratory,  M.I.T.) 


*  The  samples  were  prepared  by  A.  Wold. 
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Fig.  V-3.  Zero-field  ontiferromognetic  resonont 
frequency  vs  temperoture  for  YCrO^. 


TEMPERATURE  <WK) 


Fig.  V-4.  Temperoture  dependence  of  ottenuotion  of  longitudinol  phonon  echoes 
in  x-cut  quortz  ot  70  kMcps  obtoined  from  meosurement  of  first  echo  only.  The 
other  curves,  shown  for  comparison,  ore  token  from  the  literoture  (Ref.  10).  All 
curves  normolized  to  0-db-cm-^  ottenuotion  ot  4.2°K. 
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b.  Upper  Critical  Fields  of  Niobium 

Measurements  of  the  upper  critical  field  of  pure  and  impure  niobium  have  been  extended 

3 

down  to  0.4°K  by  adapting  the  equipment  for  use  in  the  He  refrigerator  which  has  been  described 
in  earlier  Solid  State  Research  reports.  The  results  are  not  entirely  conclusive  because  of  the 
uncertainty  in  thermometer  calibration. 

E.  S.  Rosenblum  K.H.  Gooen  (National 

S.H.  Autler  Magnet  Laboratory,  M.I.T.) 

W.  C .  Kernan 


3.  Phonon  Attenuation  in  Quartz  at  70kMcps 

The  temperature  dependence  of  the  attenuation  of  70-kMcps  longitudinal  phonons  in  x-cut 

quartz  has  been  measured  from  4.2°  to  25°K.  Preliminary  results  are  shown  in  Fig.  V-4,  along 

10 

with  data  at  other  frequencies  taken  from  the  literature.  The  qualitative  behavior  of  the  atten¬ 
uation  is  as  expected:  the  steep  rise  occurs  at  a  slightly  lower  temperature  than  at  lower  fre¬ 
quencies.  A  signal -to-noise  ratio  for  the  first  echo  of  20  db  (Fig.  V-5)  has  been  obtained  by 
altering  the  cavity  geometry  and  selecting  the  best  of  the  present  quartz  samples.  The  large 
decrement  between  successive  echoes  is  attributed  primarily  to  surface  roughness  and  inter¬ 
ference  of  components  of  the  acoustic  waves.  The  absolute  attenuation  of  the  phonons  in  the 
quartz  is  small  because,  in  some  samples,  the  size  of  successive  echoes  decreases  only  slightly; 
however,  in  these  cases  the  first  echo  is  always  very  small.  Efforts  to  increase  the  number  of 
observed  echoes  are  now  directed  toward  obtaining  better  quartz  samples  and  investigating  the 
feasibility  of  a  pulse-integrating  detector. 

A  scale  drawing  of  the  microwave  cavity  and  sample  initially  used  to  observe  the  phonon 
echoes  is  shown  in  Fig.  V-6.  j  B  Thaxter 

P.  E.  Tannenwald 


C.  THEORY 

1.  Elastic  Magnetic  Scattering  of  Neutrons 

In  their  neutron-diffraction  study  of  manganese  chromite,  Hastings  and  Corliss  noted  not 

only  that  the  sharp  magnetic  "satellite”  peaks  near  the  (111)  nuclear  position  degenerated  into 

a  broad,  liquid  peak  at  about  20°K,  well  below  the  Curie  point  of  41  °K,  but  also  that  this  liquid 

1 1 

peak  persisted  up  to  at  least  300 °K.  Prince  has  observed  similar  persistence  of  a  liquid  short- 

12 

range-order  peak  near  the  (111)  position  in  nickel  chromite.  However,  we  did  not  notice  any 

1 3 

distinct  liquid  peak  in  cobalt  chromite  at  room  temperature,  even  though  its  Curie  point  is  96°K. 

In  order  to  gain  some  understanding  of  the  above  behavior,  we  began  a  theoretical  investi¬ 
gation  of  the  elastic  magnetic  scattering  to  be  expected  at  high  temperature.  This  diffuse  scat¬ 
tering  is  given  for  a  powder  by 

Id(2Q)  =  BFd(K) 

where  B  is  a  constant  of  the  experiment  and 


F  Ak)  =  2  2  g  f  (k)  g  f  (k)  S, 
d  v  mp&y  v  p  — \v 


S  j  («i.m|1) 
— mpJo'  iv 
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Fig.  V-5.  Longitudinal  phanan  echoes  excited  in  1/4-inch-long  x-cut  quortz  rad 
placed  In  microwave  cavity.  Horizontal  scale  is  1  psec  div”^. 


Fig.  V-6.  Microwave  re-entrant  cavity  and  quartz  rod  initially  used 
far  observation  af  echoes.  Over-all  height  is  1  inch. 
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Here,  *  is  the  magnitude  of  the  neutron  scattering  vector,  v  and  jjl  run  over  all  the  sublattices 
(six  for  the  spinel)  and  m  runs  over  all  the  unit  cells  in  a  crystallite,  g  and  f  ( k )  are,  re¬ 
spectively,  the  g-factor  and  the  form  factor  appropriate  to  the  site,  t  is  the  distance 
between  the  two  indicated  sites,  and  i  is  the  spherical  Bessel  function.  The  S  are  the  spin 
operators,  and  the  bar  represents  the  quantum-mechanical  average  value  at  the  temperature  in 
question. 

When  (mp)  =  (ly),  the  contribution  is  simply 

=  2  g2f2(.c)  S  (S  +1) 
d  1  vbv  v  v  v 

where  is  the  spin  quantum  number  for  the  ionic  specie.  The  remaining  terms,  (mp)  ^ 

(li '),  can  be  expanded  as  power  series  in  ft  =  l/kT,  where  the  coefficient  of  involves  such 

quantities  as  •  Sm^H^  Here,  H  is  the  Heisenberg  Hamiltonian  and  ^  ^denotes  the 

average  value  at  infinite  temperature.  We  have  evaluated  the  first  three  terms  in  this  expansion 
for  manganese  chromite. 

We  find  that,  at  room  temperature,  the  expansion  for^S^  *  ^mp  aPPears  t°  converge  very 
rapidly,  so  that  only  the  first-order  term  in  contributes  appreciably  to  the  neutron  diffraction. 
This  term  produces  a  broad  peak  in  the  vicinity  of  the  (111)  nuclear  position.  When  this  con¬ 
tribution  is  added  to  the  effect  of  f!°\k),  excellent  quantitative  agreement  is  obtained  with  the 

14  a 

experimental  diffraction  pattern.  Furthermore,  our  calculations  show  that  the  liquid  peak  would 
still  be  observable  at  600°K.  It  is  essentially  the  same  as  the  familiar  high-temperature  "anti¬ 
ferromagnetic  peak"  observed  in  antiferromagnets,  and  arises  directly  from  the  antiferromag¬ 
netic  nature  of  the  exchange  interaction.  Consequently,  it  should  be  present  in  all  ferrimagnetic 
spinels. 

When  the  first  three  terms  are  re-evaluated  for  cobalt  chromite  at  room  temperature,  the 
broad  peak  is  indeed  found  to  be  present.  However,  its  predicted  magnitude  is  so  much  smaller 
than  for  manganese  chromite  that  it  would  not  have  appeared  as  a  peak  under  our  particular  ex¬ 
perimental  conditions.  Thus,  our  cobalt  chromite  results  do  not  contradict  the  theoretical 
prediction. 

We  have  also  tried  to  compute  the  diffuse  diffraction  pattern  to  be  expected  for  manganese 
chromite  at  77  °K.  Here,  we  find  that  the  expansion  is  converging  very  slowly,  so  that  not  even 
semiquantitative  comparison  with  experiment  can  be  obtained  from  just  the  first  three  terms. 
However,  the  general  qualitative  behavior  is  suggestive,  so  that  an  extension  of  the  calculation 
to  higher-order  terms  would  appear  worthwhile,  particularly  since  the  diffuse  peaks  are  much 
sharper  than  at  higher  temperatures  and  consequently  contain  more  information. 

K.  Dwight 
N.  Menyuk 
T.  A.  Kaplan 


2.  Aspherical  Spin-Density  in  S-State  Cations 

We  consider  a  cation  that  has  a  ^S(d5)  ground  term  in  an  octahedral  crystal  field  and  take 
an  unperturbed  state  in  which  the  spin  component  S?,  for  some  direction  z,  has  its  maximum 
value.  In  this  state,  the  magnitude  of  the  spin  density  sq  is  spherically  symmetric.  Restricting 
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ourselves  to  the  configuration  d  ,  it  is  found  that  in  first  order,  spin-orbit  coupling  gives  an 
additional  contribution  s^(  r)  to  the  spin  density.  The  quantity  s^(  r)  is  perpendicular  to  s  , 
integrates  to  zero,  and  is  highly  aspherical,  since  it  is  a  linear  combination  of  the  spherical 
harmonics  Y^m-  In  the  high-temperature  phase  of  n-Fe^O^,  s^(  r)  contributes  to  the  neutron 
diffraction  intensity  at  the  same  peaks  as  does  the  weak  ferromagnetic  moment  (the  Dzialoshinsky 
canting  of  s^).  This  contribution  is  estimated  to  be  of  the  same  order  as  that  of  the  Dzialoshinsky 
moment  at  several  of  the  peaks.  Hence  it  is  probably  important  to  an  understanding  of  the  sur¬ 
prising,  highly  aspherical  distribution  recently  observed  by  Pickart,  Nathans,  and  Halperin. 
Furthermore,  s^(  r)  ^  0  should  occur  under  much  more  general  conditions  than  needed  for  the 
Dzialoshinsky  canting;  for  example,  at  low  temperatures  in  a-Fe^O^  the  latter  does  not  occur, 
whereas  s^(  r)  is  roughly  of  the  same  size  as  that  calculated  for  the  high-temperature  ordering. 
Higher-order  perturbation  effects  are  being  investigated. 

T.  A.  Kaplan 


3.  Proposed  Spin  Configuration  for  MnP 

In  the  last  Solid  State  Research  report  (1963:3),  it  was  pointed  out  that  the  susceptibilities 
along  the  three  principal  axes  of  single-crystal  MnP  cannot  be  interpreted  on  the  basis  of  a  flat, 
cycloidal  spiral  propagating  along  the  orthorhombic  c-axis  and  distorted  by  anisotropy  forces 
alone  within  the  b-c  plane.  Since  the  exchange  parameter  f°r  interacti°ns  between  next- 

near  neighbors  in  the  a-c  plane,  which  are  along  the  c-axis,  was  assumed  temperature  dependent 
via  thermal  expansion  of  the  c-axis,  it  is  necessary  to  include  the  dependence  of  on  the 
c-axis  parameter  in  the  entire  calculation.  Therefore,  it  is  necessary  to  multiply  J  by  the 
factor  (1  —  crgen)  in  the  expression  for  the  exchange  energy  E  entering  the  Hamiltonian.  Here 


€  ~  [(R 

n  1  — 1 


,  ,  —  R  )  —  (R  ,  —  R  )]  2/rj 
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is  the  strain  induced  by  exchange  striction  and  is  a  nondimensional  parameter.  Minimization 
of  the  total  energy  with  respect  to  gives 
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where  Y  is  Young’s  modulus  and  ^  is  the  angle  the  moment  of  the  n  (001)  plane  makes  with 
the  direction  of  an  applied  field  H.  If  II  =  K  =  0,  the  magnetic  spiral  remains  simple  and  the 
exchange  striction  is  uniform.  In  this  case, 

(P  (H  =  K  =  0)  =  <p  °  =  nO 

and  minimization  of  E^  with  respect  to  G  yields 


cos  O  [1  -  2a  e  cos  20] 
1  so  J 


(jab-4jaa)/4jaa 


Thus,  if  Oq  >  7t/4,  exchange  striction  increases  the  turn  angle  (0  >  0q  where  G  =  Gq  for  0), 

and  if  0  <  7r/4,  it  decreases  the  turn  angle  (G  <  G  ). 

IfH^OandK^O, 

c p  -  nG  —  eh  A  sin  (2nG)  —  h  sin  (nO) 
n  /v 
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Fig.  V-7.  Proposed  spin  configuration  [distorted  spiro!  (11)]  for  the 
ontiferromognetic  phose  of  MnP,  given  thot  0  =  n/8,  ond  eQ  =  0.  15. 
The  turn  ongle  is  ({y,  =  n0  —  sin  (2n  0),  where  h^  =  —  2(x c  —  X^)/ 
(Xc  +  X^)  “  —0.  5.  This  gives  $n  =  0,  ±42.5°,  ±73. 6°,  ±106. 4°, 
±137.  5°,  ond  ±180°.  Both  0  ond  eQ  ore  temperoture  dependent. 


where 

hA  =  (2K/Ms2)/{64JXAe4  [1-4-  («seo/e2)  -  4-  aseo]} 

h  =  (H/MS)/{BJXA04  [1  -  i  («seo/02)  -  ||  aseol} 


Thus  small  distortions  of  the  spiral  due  to  the  presence  of  anisotropy  in  the  b-c  plane  are  am¬ 
plified  by  the  magnetostrictive  effects.  The  observed  susceptibilities  can  be  accounted  for  by 

2  -2 

©  =  7r/a  =  20°,  provided  a  ~  15  and  e  ~  0.015  if  a  e  ~  o-  10  .  These  numbers  are  reason- 

s  o  s  o  s 

able  and  lead  to  the  distorted  spiral  of  Fig.  V-7.  Thus  this  analysis  suggests  that  there  should 
be  a  measurable  modulation  of  the  c-axis  spacing  that  has  half  the  wavelength  of  the  spiral. 
From  a  combination  of  x-ray  and  neutron-diffraction  experiments  as  a  function  of  temperature 
in  the  antiferromagnetic  region,  it  should  be  possible  to  obtain  independent  numbers  for  all  the 
parameters  of  the  theory.  j.  B.  Goodenough 


4.  Higher -Order  Corrections  to  the  Molecular  Field  Theory  of  the  Magnetic  State 

A  hierarchy  of  approximations  is  set  forth  in  which  the  expectation  value  of  the  spin  at  the 

•th  ..  .  .,  th  ..  . 

i  site  in  the  n  approximation  is  given  by 


<siz>  =  z  <sizvJ  • 

J=0,n 

The  coefficients  <[S.Z)>.  are  computed  by  equating  terms  in  in  the  expression 


£  <S.Z>j  =  tr  (exp  [— (3  (3Cq  +e3Cf)]  S.z}/tr  exp(-/33C) 

in  which  e3C'  -  +  2ZJ  <(SZ^>  Sz  +  3C,  3C  =  3C  ±  and  3C  is  the  Heisenberg  Hamiltonian.  The 

lJ  1  J  °  *  th 

zeroth  and  first  approximations  correspond  to  the  Weiss  molecular  field  result.  The  n  ap¬ 
proximation  gives  the  susceptibility 
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„(n)  NgVs(S  +  1) 
x  3kT 


2  a,(  j/kT)1 

i=  0,n 

1  -  aian(j/kT)n  +  1 


1 5 

in  which  the  are  the  usual  coefficients  of  the  high-temperature  susceptibility  expansion.  The 
approximation  to  the  Curie  temperature  is  given  by  (kTc/j)n+^  =  (ajan)-  The  temperature 
dependence  of  the  magnetization  near  is  also  obtained. 

G.  Dresselhaus 
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